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MOTOR SPIRITS, SOLVENTS, DIESEL FUELS, ETC. 

INTRODUCTION 

By F. H. GARNER, Ph.D., F.I.C, M.LA.E. 

Anglo-American Oil Company , Ltd. 


Of the primary products of petroleum — gasolines, kero- 
sines, Diesel fuel, fuel oils, lubricating oils, and asphalts — 
the first four only are considered in this section, and lubrica- 
ting oils and asphalts are more conveniently included else- 
where in this treatise. 

The following tables show the quantities in thousands of 
barrels of motor fuel, kerosine, gas and fuel oil, lubricants, 
and miscellaneous totals for the years 1933-6 togetner with 
the consumptions in the more important countries of the 
world for 1936 [5, 1936-7]. 


Table I 

World Consumption of Petroleum Products 1933-6 

Thousands o f Barrels 



Motor 


Gas and 

Luhri- 



Year 

fuel 

Kerosine 

fuel oil 

cants 

Misc. 

Total 

1933 

536,684 

110,659 

552,846 

41,552 

165,182 

1 , 406,923 

1934 

586,126 

120,134 ! 

602,292 1 

43,829 

! 154,818 1 

1 , 507,599 

1935 

620,092 

124,442 j 

651,382 1 

46,902 

171,657 1 

1 , 614,475 

1936 

674.825 

129,930 1 

707,920 

51,215 

1 193,890 1 

1 , 757,780 


With the exception of asphalts and paraffin wax, all 
petroleum products arc used mainly either as fuel or as 
lubricants; the fuel may be subdivided into that used for 
internal-combustion engines (spark or compression igni- 
tion) and for external combustion, and these tables show 
that gas and fuel oil is consumed in larger quantities than 
motor fuel. At the same time, in such important con- 
suming countries as the U.S.A., the United Kingdom, 
France, Canada, and Germany, the consumption of motor 
fuel is larger than that of gas and fuel oil. The tables 
supplement the data given in articles on gasolines in the 
U.S.A. and in other countries. 

Gasolines. 

In the article ‘Motor Fuels in the United States’, p. 2395, 
the relation between specifications of gasoline and the 
behaviour in the internal-combustion engine is discussed 
and the same general conclusions naturally apply to fuels 
marketed in other countries. It can be stated that the 
quality of gasoline marketed throughout the world has 
attained a considerable degree of uniformity, but more 
volatile gasolines are, naturally, marketed in the coldest 
countries, such as Finland, to ensure easy starting and good 
warming-up properties, whereas in the tropical countries 
products are of somewhat lower volatility and lower Reid 
vapour pressure in order to minimize the possibility of 
vapour lock and losses in storage. The octane number also 
varies to some extent, but not very widely, and indeed in 
some individual countries where three grades are marketed 
the range of octane numbers is almost as great as that 
normaUy found with reputable brands of gasoline through- 
out the world. 

Gasoline is also, unfortunately, an important product 
from the point of view of taxation, and defeitions adopted 
for fiscal purposes vary very widely, as would be expected, 
since the only satisfactory definition is one based on use, 


and special products such as gasoline, kerosine, and Diesel 
fuel overlap to such an extent that no definition based on 
specific gravity or distillation range can be entirely satis- 
factory. The history of all such fiscal definitions has been 
that a cheaper product such as kerosine is used as a sub- 
stitute for gasoline, and additional regulations outside the 
fiscal definition have had to be adopted in order to prevent 
such use or the mixing of the cheaper product with the 
more highly taxed product. In certain countries even gas 
oil has been used as a fuel for gasoline engines, for which 
purpose it is entirely unsuitable, and, in consequence, 
serious difficulties have been met through dilution and in- 
complete combustion. 


Table II 

World Consumption of Petroleum Products by 
Countries, 1936 

Thousands of Barrels 



; 

Motor 
fuel 1 

Kero- j Gas and 
sine ! fuel oil | 

Lubri- 

cants 

Misc. 

Total 

United States 

. 1 

482,000 j 

50,000 i 405,000 

22,500 

130,500 

1,090,000 

Russia . 


14.800 

30,400 1 

63,200 

8,500 

17,800 

134,700 

United Kingdom 


38,500 

6,400 1 

27,000 

2,900 

4,100 

78.900 

France . 


23.000 

1,490 1 

13,000 

1,640 

3,200 

42,330 

Canada 

• 

17,500 

1,990 1 

15,600 

1,060 

2,000 

38,150 

Germany 


17,000 

990 

12,200 

4,020 

2,900 

37,110 

Japan . 


8,100 

1,500 

14,750 

1,900 

1,900 

28,150 

Argentina 


6,200 

1,320 

16,400 

450 

890 

25,260 

Italy 


4,500 

1,480 

11,000 

720 

2,200 

19,900 

Mexico 

. 

2,540 

620 

11,500 

170 

2,500 

17,330 

Roumania 

. 

790 

1,240 

11,700 

220 

2,000 

15,950 

Neth. West Indies 


180 

30 

13,200 

35 

3,820 

17,265 

British India . 


2,480 

6,500 

3,800 

990 

1,300 

15,070 

Australia 


6,800 

1,170 

3,340 

460 

670 

12,440 

Ncth. Fast Indies 


1,490 

2,000 

5,100 

160 

1,240 

9,990 

Netherlands . 


3,480 

1,830 

2,400 

380 

890 

8,980 

Venezuela 


590 

30 

1,200 

35 

5,900 

7,755 

Sweden 


3,480 

890 

2,150 

360 

600 

7,480 

China . 


990 

2,460 

2,800 

260 

340 

6,850 

Brazil . 


2,510 

750 

3,280 

180 

70 

6,790 

Spain . 


2,800 

190 

1,650 

100 

210 

4,950 

Iran 


430 

980 

3,200 

200 

1,500 

6,310 

Egypt . 


540 

2,000 

2,890 

180 

190 

5,800 

South Africa . 


3,100 

570 

1,140 

200 

200 

8,210 

Denmark 


2,200 

560 

1,640 

160 

290 

4,850 

Belgium 


2,520 

210 

1,190 

220 

420 

4,560 

Cuba . 


490 I 

70 

3,750 

40 

no 

4,460 

Trinidad 


105 

70 

3,800 

30 

290 

4,295 

Philippine Islands 

] i 

1,000 

580 

2,400 

80 

130 

4,190 

Norway 


1,190 

305 

1,980 

95 

no 

3,680 

Switzerland . 


1,830 

190 

1,150 

160 

40 

3,370 

Chile . 


650 

60 

2,750 

75 

40 

3,575 

New Zealand 


i 1.190 

160 

1,240 

80 

115 

3,585 

Poland . 


1 970 

1,010 

600 

400 

300 

3,280 

Czechoslovakia 


' 1,880 

440 

740 

220 

180 

3,380 

Iraq 


310 

220 

2,080 

55 

690 

3,355 

British Malay 

. 

1 580 

320 

2,060 

70 

190 

3,220 

Hawaiian Islands 


980 

140 

1,990 

65 

70 

3,245 

Austria 


I 910 

290 

1,200 

145 

140 

2,685 

Panama Canal Zone 

110 

30 

2,300 

20 

40 

2,500 

Uruguay 


630 

60 

1,800 

40 

40 

2,570 

Algeria 


1 1,300 

400 

1 340 

no 

130 

2,280 

Irish Free State 


1 1,110 

520 

260 

70 

200 

2,160 

Peru 


1 420 

430 

760 

60 

300 

1,970 

Greece . 


! 370 

150 

1,060 

60 

50 

1,690 

Porto Rico . 


1 490 

70 

990 

35 

40 

1,625 

Portugal 


1 600 

410 

440 

40 

60 

1,550 

Hungary 


420 

400 

450 

90 

100 

1,460 

Finland 


580 

360 

140 

95 

95 

1,270 

French Morocco 


770 

95 

110 

40 

130 

1,145 

Others 


6,700 

5,550 

23,200 

1,040 

2,670 

39,160 



2392 


PRODUCTS OF PETROLEUM 


Kerosine. 

It is often assumed that the consumption of kerosines is 
steadily declining, and whilst this is true as regards the use 
of kerosine in wick-fed lamps for illumination purposes, 
there has been a considerable increase in the use of motor 
kerosine as a fuel for internal-combustion engines, and 
over all for the years 1933 to 1936 there has been a slight 
increase in the world consumption. Whilst the use of kero- 
sine for motive purposes, light, and power generation has 
undoubtedly been stimulated by the taxation of gasoline, 
kerosine has been used in internal-combustion engines for 
a long period of time: it was the knocking of kerosine in 
small engines used for lighting sets that drew the attention 
of Kettering to the problem and led to the work of Midgley, 
culminating in the discovery in 1921 of lead tetraethyl. 
The motor kerosine or power vaporizing oil marketed for 
use in such engines has to meet a relatively high octane 
number and volatility, and thus the essential demands for 
kerosine for power purposes are fundamentally different 
from those for illuminating purposes. It will be noted that 
in the case of gasoline and motor kerosine a product of 
high octane number, that is, of naphthenic, aromatic, or 
branched-chain structure, is required, whereas for illu- 
minating oil, and Diesel fuel for high-speed engines, a 
paraffinic structure of the straight-chain type is preferred. 

Liquefied Petroleum Gases. 

A feature of the last 5 or 6 years has been the de- 
velopment of liquefied petroleum gases, the increase on the 
American market being from 4-5 million gallons in 1928 
to over 48 million gallons in 1934 [3, 1935]. These gases 
consist principally of propane and butane, and the most 
important use for the butane is in the domestic field, 
whereas the principal use of the propane is in the industrial 
field. Liquefied gases are, of course, derived from natural 
gas and refinery gas. 


Gas Oil, Diesel Fuel, and Fuel Oil. 

Gas oil was the name originally applied to the product 
used in gas-works for the carburetting of water gas, but in 
recent years the use of gas oil for high-speed compression- 
ignition engines has assumed increasing importance, and 
for this purpose it is usually described as li^t Diesel fuel, 
or light Diesel fuel oil. Diesel fuels for stationary and 
marine engines may be cither distillates of higher viscosity 
than those required for road transport or blends of distil- 
lates with suitable petroleum residues. Fuel oils for do- 
mestic burner installations arc usually distillate oils, but 
for the larger heating installations, or industrial use, either 
residual fuels or blends of such fuels with distillates are 
used. It has been found necessary, in most countries, to 
market fuel oils in a range of differing viscosities to meet 
the requirements of different fuel-oil burner installations 
according to the type of burner and preheating available, 
either in preheaters, or in storage tanks. 

It is somewhat difficult to obtain figures for the quantities 
of fuel oils used in different industries, but the f^ollowing 
table will show the approximate quantities used under the 
various headings in the U.S.A. during 1934 [4, 1935]: 


High-speed Diesel oil 

Army and Navy 

Ships, oil-burning and Diesel . 

Railways .... 

Industrial .... 

Refinery 

Distillate (oil-burner installations) 


hbi 

about 1 X 10* 
8xI0« 
69x10* 
53x10* 
52x10* 
47x10* 
49-54x10* 


In the United States the development of high-speed Diesel 
engines for road transport was later than in many Euro- 
pean countries, where the high-speed Diesel engine has 
largely replaced the gasoline engine for heavy-duty com- 
mercial vehicles and buses. The rapid development of 
high-speed Diesel engines is shown in Fig. 1 [7, 1536] 
giving the number of high-speed Diesel engines in use in 
transport for Italy, France, Germany, and the United 
Kingdom over the 5 years 1932-7. Although this develop- 
ment has been quite rapid, it is largely confined to heavy- 
duty commercial service which represents only a small 
proportion of the total, since even for commercial work 
the bulk of the traffic engaged consists of relatively light- 
duty vehicles. For the United Kingdom for 1935/1936 the 
proportionate consumption of high-speed Diesel fuel for 
transport to gasoline was 2J %, but higher figures than this 
are attained in continental countries, notably France and 
Germany. 



For marine operation the feature of recent years has 
been the advance in motor-driven vessels as compared with 
oil-fired vessels, and the two Tables HI and IV summarize 
this tendency. These figures are from the report of Lloyd's 
Register for Shipping for the year 1935-6 and show in 
Table III the proportionate tonnage built over the period 
1918-36 distributed between coal-fired, oil-fired, and 
motor-driven [6]. It should be noted that the figures in 
Tables III and IV under the heading of oil-fired vessels 
are steamers fitted for burning oil, but it is not claimed 
that such vessels always use oil fuel. 

The second tabic (IV) shows all existing vessels of 100 
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tons and upwards for the period 1933-7, and shows the 
remarkable relative increase in the Diesel-engined vessels 
during these years. 

Table III 

Table showing Tonnage of Coal- and Oil-fired Vessels y and 
Motor-driven Vessels built between 1918 and 1935. (Built 
to class on "Lloyd's Register') 

! Tons gross 


Fitted with 
internal-combustion 
engines including 


Year \ 

Coal-fired 

Oil-fired 

Diesel engines 

1918-19 ! 

2,491,213 

1,193,659 

75,934 

1919-20 

j 2,111,289 

1,995,788 

79,805 

1920-1 

: 1.260,465 

1,867,115 

: 101,608 

1921-2 

895,032 1 

1,395,929 

1 226,552 

1922-3 

662,565 i 

782,830 

165,229 

1923 4 

i 468,153 ! 

242,162 

: 164,336 

1924-5 

' 671,405 

! 337,411 

! 302,461 

1925-6 

418,503 

1 303,835 

i 602,451 

1926-7 

297,948 

1 275,889 

1 393,225 

1927-8 

631,240 

i 431,391 

812,437 

1928-9 

‘ 600,270 

351,113 

786,353 

1929-30 

' 680,699 

276,144 

847,403 

1930-1 

! 318,107 

203,457 

1,212,525 

1931-2 

: 57,120 

i 259,897 

598,247 

1932-3 

110,959 

1 148,171 

188,020 

1933-4 

89,373 

i 14,927 

243,897 

1934-5 

' 150,445 

49,695 

552,060 

1935-6 

i 198,976 

! 222,420 

580,410 


Lubricating Oil. 

In Table I figures were given for the total consumption 
in various countries for the year 1936, and it is of interest 
to analyse these data from the point of view of the relative 
quantities of lubricants to motor fuel, gas and fuel oil, 
practically all of which represents petroleum products con- 

Table IV 

Table embracing all existing Vessels of 100 Tons and 
upwardsy as recorded in "Lloyd's Register 


Year 

Coal-fired 

Oil-fired 

Motor-driven 

1922-3 

45,338,327 ! 

14,464,162 

1,540,463 

1923-4 

44,876,570 ! 

15,792,418 

1,666,385 

1924-5 i 

42,384,270 ! 

17,154,072 

1,975,798 

1925-6 

41,862,181 

17,804,122 

2,714,073 

1926-7 

40,935,114 

18,243,539 

3,493,284 

1927-8 

40,514,719 ! 

18,481,759 

4,270,824 

1928-9 

40,674,097 | 

19,053,014 

5,432,302 

1929-30 

40,358,396 ! 

19,420,895 

6,628,102 

1930-1 

40,069,679 i 

19,857,788 

8,096,337 

1931-2 

39,289,061 

20,002,307 

i 9,431,433 

1932-3 

38,194,758 

20,135,006 

1 10,038,377 

1933-^ 

36,373,859 

20,053,273 

10,200,392 

1934-5 

33,895,555 

19,857,711 

i 10,604,526 

1935-6 

32,537,556 

i 19,885,070 

i 11,304,691 

1936-7 

31,947,618 

1 19,766,668 

1 12,290,599 


Of the total of 51,714,286 tons oil- and coal-fired vessels in 1936-7, 
42,605,474 tons were fitted with steam-reciprocating engines and 
9,108,812 tons with steam turbines (including turbo-electric). 

sumed in the development of power. In this connexion, the 
figure for ratio of lubricating oil to gasoline used in motor 
vehicles was formerly taken as being in the neighbourhood 
of 6%, but the figure applicable at the present time is stated 
to be 1*5%. The following table (V) shows the percentage 
of lubricants to the combined gasoline, gas and fuel oil 
consumption for various countries in 1933-6. 


2393 

A proportion of the lubricating oil will be used for the 
lubrication of machinery for which power is generated 
from coal or by water, but it is interesting to note that the 
overall figure is in the neighbourhood of 3-7%. The 
proportion, however, varies considerably with different 
countries, presumably according to the relative importance 

Table V 

Percentage Lubricants to combined*Motor Fuel, Gas and 
Fuel Oil 


Country 

1936 

1935 

1934 

1933 

U.S.A. 

. : 2-53 

2-44 

2 50 

2-47 

Russia . 

10-90 

11-12 

11-60 

11-55 

United Kingdom . 

4-43 

4-28 

4-74 

5-27 

France 

4-56 

4-67 

6 19 

595 

Canada 

3-20 I 

3-21 

I 2-64 

2-65 

Germany 

. 13-77 

13 83 ; 

! 1067 

[ 10-10 

Italy . 

4-64 ; 

4-79 

1 5-29 

5-58 

Total 

3-71 : 

3-70 

' 3-80 

3-81 


of petroleum as against other methods of generating power, 
from a figure of approximately 2-5% in the United States 
to the more recent figure for Germany of 1 3*77% . The use 
of vegetable oils as lubricants in some countries is also an 
important factor. 

Price of Petroleum Products. 

The following table shows the decline in gasoline cost 
over a period of years in the United States, and this has 
been effected by economies in refining (thus the loss on the 
crude in 1920 was 4*3% as against 1*8% in 1934), although 
the product has been considerably improved in every re- 
spect, notably in ease of starting, warming up, and accelera- 
tion, together with improved octane number. However, 
during this period of years the tax cost in the United States 
has increased tremendously, with the result that the reduc- 
tion in cost of manufacture which has been effected by the 
refiner has not been passed on to the consumer [2, 1935]. 

Table VI 

Decline in Fuel Cost per Car (based on an average 
of 600 gallons per year) 



Cost of I 

Tax 

Total 

Year 

i gasoline | 

cost 1 

cost 


$ i 

S 

% 

1920 . 

178.44 1 

0.54 

178.98 

1921 . 

156.66 1 

1.20 I 

157.86 

1922 . 

148.97 1 

2.28 

151.25 

1923 . 

. ! 126.36 1 

5.46 1 

131.82 

1924 . 

116.76 

8.80 : 

125.56 

1925 . 

120.54 

12.66 i 

133.20 

1926 . 

125.54 

14.46 ‘ 

140.00 

1927 . 

109.68 

16.86 ; 

126.54 

1928 . 

. , 107,40 

18.24 

125.64 

1929 . 

; 107-52 

21.00 

128.52 

1930 . 

96.96 

22.74 

119.70 

1931 . 

77.88 

24.00 1 

101.88 

1932 . 

79.80 

27.78 1 

107.58 

1933 . 

77.46 

32.46 ' 

1 109.92 

1934 . 

. i 81.84 

31.20 

1 113.04 


This table bears reference to the U.S.A., but the fol- 
lowing figures will show the wide variation in price of 
gasoline in different countries showing the importance of 
tax in determining the price to the consumer since the basic 
price for the gasoline is the same in all cases [1, 1937]: 
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ling Station Prices of Gasoline, Kerosine, and Lubrica- 
^ Oil in Various Countries, January, 1937, {Includes 
Taxes and Duty) 

»s quoted are those in the capital city of each country, in cents 
per U.S. gallon 




Kerosine 

Lubricating 

Country 

Gasoline 

Lamp 

Power 

oil 

gentina . 

26 1 

19-3 

159 

111 

stralia . 

28*5 

24-4 

142 

122 

Igium 

270* 

290 


141 

nada 

19 6 

12 5 


133 

Euice 

406 

35-2 


174 

trmany . . | 

596 

53-4 


290 

)lland . ! 

300 

17-6 


1 176 

ily . . . 1 

480 

42 0 

4()0 

! 159 

pan 

17 1 

j 17-3 

13-3 

102 

uth Africa . 1 

269 

! 15-2 

14 3 

i 161 

/eden 

23-8 

j 15-2* 

114* 

180 

dtzerland 

37-5 

1 22-7 

14 7 

157 

[litcd Kingdom 

! 306 

; 24-7 


140 

nited States 

1 18-5 

j 120 


100 


The reduction in cost of the greatly improved gasoline 
far exceeds the reduction in cost of the raw material as 
shown by the following table [2, 1935]: 

Table VII 

Comparison of Crude-oil and Wholesale Gasoline Prices 



1919 

1934 

Decline 

% 

Pennsylvania: 

% 

$ 


Crude 

4.14 

2.43 

41-30 

Gasoline . 

Oklahoma: 

0.1960 

! 

0.0672 

65-71 

Crude 

2.118 

1.020 

51-84 

Gasoline . 

California: 

0.1730 

0.0475 

; 72-54 

Crude 

1 1.4094 

0.9200 

' 34-72 

Gasoline . 

i 0.1516 

' 0.0819 

’ 45-98 


* Price in tins. 
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MOTOR FUELS IN THE UNITED STATES 

By J, G. DETWILER, B.Sc., F.C.S., Technologist^ and M. P. DOSS, Technical Librarian, 

The Texas Company 


The history of the gasoline industry in the United States 
is also that of the automobile industry, for it was only due 
to the invention and commercial application of the internal- 
combustion engine that gasoline became a valuable 
refinery product, no longer a waste material the disposal 
of which was a real problem. From 1910 on, gasoline 
became a product of increasing importance, and in 1915 
the amount of gasoline produced exceeded that of kero- 
sine, In Fig. 1 are shown curves for passenger cars and 
truck production for the period 1895-1934; in Fig. 2 
gasoline versus kerosine production in the United States 
for the period 1900-34. In the year 1934 the total motor- 
fuel consumption was 16,595,180,000 gal., which was the 
second largest in history according to the American 
Petroleum Institute’s Department of Statistics. This con- 
sumption had been exceeded only in 1931, when the total 
consumption was 16,719,239,000 gal. The consumption 
by States for 1934 and the corresponding car registration 
and consumption per car are shown in the attached table. 
The average consumption for motor vehicles including 
trucks in this country is 610 gal. of gasoline annually. 
Fig, 3 shows the ratio of straight-run to cracked and 
natural gasoline produced. The gasoline marketed in the 
United States at present falls mainly into three grades — 
premium grade, which is a product similar in anti-knock 
rating to ethyl gasoline, having an anti-knock rating of 
76 octane units; the ordinary grade averaging 70 octane 
units, and the third-grade gasoline which in most parts of 
the country does not meet any octane standard, but has 
a volatility range within U.S. Motor Fuel Specifications 
VV. G. 101 of the Federal Specifications Board, issued 
21 July 1931 (see Fig. 7). 


Specifications of U.S. Navy and Federal Specifications 
Board 

So long as the gasoline demand was limited and no 
difficulty was experienced with the mechanical side of the 
automobile that could be attributed to the fuel, no parti- 
cular attention was paid to specifications for the fuel other 
than that most car manufacturers insisted on a light 
Baum6 gravity. In some cases it was claimed that 76^ Be. 
gasoline was necessary, and the first Government specifica- 
tion issued by the Navy Department in 1907 (no. 24 G. 5) 
called for only ‘a high grade refined gasoline free from all 
impurities’, having a gravity of 70'’ Be., and requiring that 
it should leave no residue after 1 hour’s evaporation in an 
open platinum dish in boiling water. This last require- 
ment was in no sense a definite distillation test, but was 
included to ensure the absence of kerosine or lubricating 
oil. 

While the trade in general continued for a number of 
years to consider gravity the sole criterion of quality, the 
Navy Department in its temporary specification 8 G. 1, 
issued 6 April 1910, made no mention of gravity, but gave 
the distillation range as follows: 


Initial boiling-point . below 135® F. 

10% 150® F. 

50% . „ 200® F. 

100% 310® F. 

Recovery . above 96% minimum 

and also the requirement that 5 c.c, of the product poured 
Table I 


j Total gasoline ’ Automobile 
I consumption in I registration Gasoline 

' United States 1 by States consumption 


State 

1934 I 

31 Dec. 1934 \ 

per car 

Alabama 

155,047,000 i 

225,132* ; 

687 

Arizona 

73,219,000 i 

96,586 1 

758 

Arkansas 

140,156,000 

198,091 

708 

California 

1,334,177,000 1 

2,006.255 1 

665 

Colorado 

172,756,000 I 

274,231 : 

630 

Connecticut . 

254,933,000 

357,787 ' 

713 

Delaware 

41,556,000 

54,240 : 

766 

District of 


1 


Columbia . 

103.734,000 , 

163,070 ! 

636 

Florida 

236,775,000 

335,205 

706 

Georgia 

239,498,000 i 

376,993 ' 

635 

Idaho . 

65,770,000 ! 

108,863 

604 

Illinois . . , 

1,025,918,000 1 

1,456,241 

704 

Indiana 

465,438,000 ! 

803,271 

579 

Iowa . 

403,803,000 , 

666,440 

606 

Kansas 

378,781,000 

528,664 

716 

Kentucky 

184,367,000 ; 

332,177 ! 

555 

Louisiana 

178,457,000 ; 

244.007 : 

731 

Maine 

116,993,000 

178,995 

654 

Maryland . 

206,279,000 

332,892 

620 

Massachusetts 

587,789,000 ' 

785,392 1 

748 

Michigan 

781,971,000 ' 

1,148,953 ; 

681 

Minnesota . 

431,545,000 

697,672 

619 

Mississippi . 

131,263,000 

174,934 1 

750 

Missouri 

489,401,000 

739,813 i 

662 

Montana 

85,484,000 f 

128,336 ; 

666 

Nebraska 

223,372,000 

406,632 

549 

Nevada 

24,707,000 : 

32,230 

767 

New Hampshire . 

70,640,000 . 

113,134 

624 

New Jersey . 

734.521,000 : 

864,641 

850 

New Mexico 

56,154,000 

82,900 

677 

New York . 

1,577,019,000 ! 

2,269,355 

695 

North Carolina 

279,796,000 i 

439,351 ’ 

637 

North Dakota 

102,931.000 1 

156,203 

659 

Ohio . 

955,470,000 

1,613,265 i 

592 

Oklahoma . 

300,431.000 ! 

477,292 

629 

Oregon 

165,978,000 

274,117 ! 

606 

Pennsylvania . | 

1,136,344,000 I 

1,681,202 

676 

Rhode Island 

108,864,000 ' 

142,394 ; 

765 

South Carolina . i 

132.347,000 ; 

202,834 

652 

South Dakota 

109,514,000 

169,975 

644 

Tennessee . . ; 

212.037.000 ! 

336,313 

630 

Texas . 

875,034,000 ' 

l,312,152t 

667 

Utah . 

64,140,000 i 

101,926 

629 

Vermont 

48,550.000 

77,921 

623 

Virginia 

259,123,000 

373,908t 

693 

Washington . 

260,778,000 

1 422,238 

618 

West Virginia 

147,609.000 

1 194,231§ 

760 

Wisconsin 

420.725,000 

1 709,359 

593 

Wyoming 

43,986.000 

1 64,990 

677 

Total . 

16,595,180,000 



Figures are in gallons, 
t For 15-month period ending 31 
from 3 1 Dec. 

X For year ended 31 March 1935. 

♦ 30 Sept, 1934. 

March 1935; date changed 

§ For 6-monlh period. 
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MlU.(ON» 

Moron vcHiccis 


TOTAL MOTOR VCHICLC REGISTRATIONS 
IN UNITED STATES 


MILLIONS 

on 

MOTOR VIHICLCS 



Fig. 1. 


COMPARISON MOTOR FUEL AND KEROSINE PRODUCTION 
WITH CRUDE RUN TO STILLS IN UNITED STATES 



on white paper should evaporate completely without 
leaving any stain. This specification was issued officially 
on 1 August 1910, the distillation being changed to: 


Initial boiling-point 
50% . 

100% 

Recovery . 


not higher than 180® F. 
below 230® F. 

310® F. 

above 98 %, minimum 


Note: The official specification Piously 
enough calls for an I.B.P. not lower than 180^ F. 
which was evidently an error. 


This specification is identical with M. 89 of the War 
Department issued 26 August 1913. On 1 June 1912 con- 
tracts for 1913 Navy supplies called for: 

Initial boiling-point . below 145® F. 

50% 250® F. 

95% . . „ 315® F. 

100% 330® F. 

Recovery • 98 %, minimum 

which was later made official under Specification 8 G. 1 a 
allowing a less volatile product. 
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Initial boiling-point 
50% . 

95% . 

100% 

Recovery . 


‘not lower than* 130® F. 
below 275® F. 

„ 340® F. 

.. 360® F. 

98 %, minimum 


The next change was in 1917, the Navy contract covering 
1917 requirements calling for a still less volatile product. 


Initial boiling-point . below 140® F. 
End-point . . . „ 375® F. 


Initial boiling-point 
20 % . 

50% . 

90% . 

End-point 
Recovery 


below 131® F. 

„ 221® F. 

284® F. 

„ 392® F. 

.. 437® F. 

95 %, minimum 


In 1924 a sulphur requirement of 010% maximum was 
appended and the corrosion test made more stringent. 
In 1929 the U.S. Motor Gasoline specification was 


UlLLIONt 

or 

RAMflfL* 


TOTAL MOTOR FUEL PRODUCTION IN UNITED STATES 
COMPARISON REFINERY STRAIGHT RUN. CRACKED. BENZOL AND NATURAL 


SHOWN IN 4a U S. GALLON SAAKCLS 


MILLIONS 

or 

SANMtLS 



However, Specification 8 G. 1 b of September 1917 re- 
quired a more detailed distillation test and a less volatile 
gasoline, as follows: 


Initial boiling-point 
20 % . 

45% . 

90% . 

End-point . 
Recovery 


not above 140® F. 
below 221® F. 

„ 275® F. 

356® F. 

„ 428® F. 

95%, minimum 


A vapour tension of not greater than 10 lb, per sq. in. at 
100'" F. was also specified, and the same specification was 
issued later by the War Department as no. 3529 in July 
1919. 

Due to the urgent necessity of having uniform specifica- 
tions for petroleum products to be used by the Government 
departments during the World War, President Wilson on 
31 July 1918 directed the organization of the Committee 
on Standardization of Petroleum Specifications. The first 
specification covering motor gasoline prepared by this 
committee and adopted on 2 October 1918 was the same 
as Navy 8 G. 1b given above. This specification was 
revised on 25 November 1919, the 45% point being 
replaced by the 56% (284° F.), the 90% raised to 374° F., 
and the end-point to 437° F. Detailed instructions covering 
the distillation test were also given for the first time, these 
being the modified A.S.T.M. procedure. This specification 
was in effect for a number of years, a colour and corrosion 
requirement being added in 1922. In that ^me year the 
distillation range was altered to the following: 


broadened to cover two products, first. Specification 622 a 
— U.S. Motor Gasoline: 


10 % 

50% 

90% 

End-poini 

Recovery 


122-76® F. 
below 284® F. 
392® F. 

„ 437® F. 

95 %, minimum 


The requirement was also made that for each per cent, 
distillation loss less than 4 the minimum 10% temperature 
requirement should be lowered 5*4°. Furthermore, for 
tropical storage the minimum 10% reading could be raised 
to 140° F. 

The other motor fuel designated as Motor Fuel V had 
the following distillation: 


10 % . 
50% 

90% 

End-point 

Recovery 


122-49® F. 
below 257® F. 

„ 356® F. 

„ 401® F. 

95%, minimum 


In 1931 the 10% reading on U.S. Motor Gasoline was 
changed to 167° F., maximum, evaporated, and the end- 
point requirement eliminated, recovery reading also being 
changed to 2% maximum residue. A vapour-tension 
requirement was included of 12 lb. (8 lb. in tropical areas) 
at 100° F. Similar changes were made in specifications for 
Motor Fuel V, the 10% now reading 158° F. maximum 
evaporated, end-point eliminated, and vapour pressure of 
10 lb. at 100° F. added. Figs. 4-7 show the trend in 
Government specifications since 1910. 
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It will be evident to any one studying the question of 
gasoline specifications that the changes have resulted from 
changes in the design of fuel systems of cars, making 
necessary the elimination of certain of the points formerly 
considered of importance which are now known to be of 
minor value; these will be discussed further under the 
subject of properties. For instance, the elimination of the 
gravity and the initial boiling-point and end-point, also 
other changes or limits in the 10%, 50%, and 90% dis- 
tillation readings which will govern the volatility of the 
product; the control of the vapour pressure and the anti- 
knock properties. 


State requirements as well, but an extra volume would be 
required to cover all the different State tax law require- 
ments because of the rapidly changing situation due to 
efforts towards finding new sources of revenue. 

Fig. 8 shows the changes in volatility of the gasoline 
marketed in the years 1915 to 1931 on the basis of surveys 
made by the U.S. Bureau of Mines [23]. It will be seen 
in comparing the last survey’s figures with the average of 
tests from a nation-wide survey made in 1934, that the 
average gasoline is much more volatile than it was in the 
years just after the World War, 1919 to 1920. The develop- 
ment of the cracking processes which became of importance 



The Government specifications for gasoline are in many 
cases also adopted by the different States, although the 
States use these specifications principally for taxation 
purposes. There arc a number of States which do not have 
any specifications at all, and there arc States where varia- 
tions from the Government standard are made and for 
taxing purposes certain arbitrary classifications are used 
which do not agree with the actual specifications. For 
instance, in the State of Oklahoma, kerosine is defined as 
a product having among other properties a gravity range 
of 40 to 48® B6., both inclusive, and also a certain flash 
requirement. On the other hand, in the tax law they 
classify as gasoline any petroleum product hgving a gravity 
lighter than 44® B6. Anomalies of this sort exist in other 


during the War and shortly thereafter greatly augmented 
the supply of gasoline and also improved the quality from 
an anti-knock standpoint. As indicated in Fig. 3, the 
amount of cracked gasoline produced in 1934 was almost 
equal in amount to the straight-run product. 

Improvements in distillation and refining methods, com- 
bined with an abundance of crude, have enabled the oil 
companies to provide the motoring public with a nearly 
perfect motor fuel. This is indeed fortunate, since even the 
low-priced cars have been brought to such a state of 
mechanical perfection that satisfactory performance is 
taken as a matter of course. The technical branch of the 
petroleum industry has, for the past several years, been 
devoting a major portion of its activity towards the solution 





MOTOR FUELS IN THE UNITED STATES 


of the problem, ‘What constitutes a Satisfactory Motor 
Fuel?’ These scientific investigations have resulted in 
improved products, as reflected by the trend shown in the 
surveys and specifications previously described. 

The fundamentals underlying this fuel problem are now 
pretty definitely known. Laboratory tests have been 
developed that enable one to predict a fuel’s service per- 
formance with a reasonable degree of accuracy. The 
following is an attempt to summarize the enormous amount 
of research work that has been reported on this subject. 

Properties of a Satisfactory Motor Fuel 

A satisfactory motor fuel should meet the following 
requirements : 

1. Volatility should be such that the engine will start 
easily, warm up quickly, accelerate satisfactorily, operate 
without crankcase oil dilution, and be free from vapour 
lock. 

2. The anti-knock rating should be sufficiently high so 
that the fuel can be used in the modem high-compression 
engine without detonation. 

3. It should be free from gum-forming compounds that 
would result in engine deposits. 

4. It should be free from abrasive or corrosive sub- 
stances which might result in injury to the engine. 

Volatility. 

The question of volatility has been the subject of a great 
deal of research. Among the important investigations are 
the following: 

1. A study of fuel volatility and its relationship to service 
requirements conducted by the Co-operative Fuel Re- 
search Committee, a joint group formed by the automotive 
and petroleum industries. The National Automobile 
Chamber of Commerce and the American Petroleum In- 
stitute sponsored the investigation. The research work was 
conducted by the Bureau of Standards. The work extended 
from 1922 to 1930, progress reports being published in 
various issues of the S.A.E. Journal during that period. 
This investigation has been summarized by Dickinson 
[6, 1929-30]. 

2. An investigation of vapour lock by the Bureau of 
Standards, sponsored by the Natural Gasoline Associa- 
tion and directed by the Cooperative Fuel Research 
Committee. This work was carried out from 1930 to 1932 
and was reported at various times in the S.A.E. Journal. 

In addition to these there have been many private 
investigations. Obcrfcll [17, 1935] has published a very 
excellent bibliography on the subject of volatility. 

Correlation of Laboratory Tests with Actual 
Performance 

In general, for American cars of current production, it 
can be stated that actual performance correlates with the 
A.S.T.M. Distillation Test on Gasoline (D. 86-30) as 
follows: 

‘Initial boiling-point’ has no significance. 

The 10% point governs ease of starting and with 
the vapour pressure determines a fuel’s vapour-locking 
characteristics. 

The 50% point controls the warming-up period. 

The 90% point indicates the dew-point which deter- 
mines the proper manifold temperature; thus it has some 
influence on power, economy, and acceleration. The 
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90% point also establishes limits for prevention of 

crankcase oil dilution. 

The end-point has no significance. 

Starting. 

If starting occurs with 10 revolutions of a cold engine 
in winter weather, the driving public considers the starting 
performance satisfactory. Various investigators agree that 
the case of starting correlates well with the A.S.T.M. 10% 
evaporated point. The relationship between the 10% 
point and the atmospheric temperature at which satis- 
factory starting will occur is shown by Dickinson [6, 
1929-30] and Brown [2, 1930]. Since these two investiga- 
tions agree within an atmospheric temperature of 10° F., 
only the average is shown: 

Atmospheric Maximum A.S.T.M. 10% evaporated 
temperature point for satisfactory starting 

-20° F. 97° F. 

0 127 

120 „ 160 „ 

+ 40 190 „ 

The average American winter gasoline has a 10% 
evaporated point of 1 IT F. and should, therefore, provide 
satisfactory starting down to 0° F. Below that temperature 
starting would be possible, but more difficult. 

As the atmospheric temperature decreases, the viscosity 
of the lubricating oil, the condition and size of battery, 
and other factors assume increasing importance. 

Vapour Lock. 

To meet the exacting performance demands of the motor- 
ing public the gasoline refiner must produce a product 
that will not vapour lock in a great majority of cars even 
under severe conditions. If a gasoline is overheated during 
its passage through the fuel system, gasification of the fuel 
causes the formation of bubbles, which influence the amount 
reaching the engine. As a result vapour lock, faltering, 
or stalling of the engine may occur. 

Investigators agree that the vapour-locking tendency of 
a gasoline is a function of the A.S.T.M. 10% evaporated 
point and the Reid vapour pressure. In the majority of 
commercial gasolines now being marketed the Reid 
vapour pressure is, however, the controlling factor. There 
is considerable disagreement among investigators as to the 
exact correlation between the vapour pressure as deter- 
mined in the laboratory and the vapour-locking tendency 
in service. This is to be expected due to the numerous 
experimental difficulties involved in the study of vapour 
lock. The following relationship represents the average 
findings of several thorough research programmes: 


Atmospheric 

Maximum Reid vapour pressure 

temperature 

to prevent vapour lock 

50" F. 

14 1b. 

60 „ 

12 

70 „ 

11 „ 

80 „ 

9-5 „ 

90 

8 

100 

7 


This problem is still being studied by the A.S.T.M., and 
the above relationship must be considered approximate 
and subject to change with automotive design. The average 
American summer gasoline has a Reid vapour pressure 
of 7 lb. and could, according to this table, be considered 
satisfactory. 

Much can be done by the motor manufacturer to cool 
further the fuel system, thus permitting the use of a more 
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volatile fuel with resultant improvement in ease of starting, 
anti-knock, and manifold temperature. 

MacCoull [14, 1935] suggests the following methods for 
preventing vapour lock : 

A. Place the carburettor away from the exhaust pipe, 
if possible. 

B. Encourage large air-volume passage through the 
radiator while the car is running, and circulation by con- 
vection when the engine is idling. This requires ample 
louvers placed high enough to let air out over the engine 
and free passage out at the bottom. 

C. Shield carburettor and fuel pump from exhaust 
radiation and convection. 

D. Insulate carburettor flange from manifold and fuel 
pump from crankcase. 

E. Reduce mass of exhaust pipe. 

F. Apply sufficient heat between fuel pump and car- 
burettor intake to boil off in the carburettor bowl that part 
of the fuel which would otherwise boil in the carburettor 
jet and cause vapour lock. The minimum possible volume 
of liquid should be thus heated, and an ample vent must be 
provided at the carburettor bowl to carry off the vapour 
formed. 

G. Carburettor jet should be raised an appreciable dis- 
tance above normal level of the float chamber, and a large 
liquid area is desirable to prevent flooding as the gasoline 
boils. 

Since, under certain conditions, from 5 to 10% of the 
gasoline that flows through the fuel system is boiled off 
at the carburettor, there is a direct loss in fuel economy 
when vapour lock is prevented by venting the carburettor 
instead of by the preferred method of reducing fuel-line 
temperature. 

According to Boyd [4, 1935], the average maximum 
temperature rise in the fuel system of representative cars 
is as follows: 

1929 . , 73'’F. 

1931 . . 66 

1934 . . 57 „ 

Dickinson [6, 1929-30] and MacCoull [14, 1935] state 
that the boiling-point of a gasoline in the fuel system is 
approximately equal to the A.S.T.M. 10% distillation 
point. The average American summer gasoline, which has 
a 10% point of 149® F., will therefore boil in the average car 
at atmospheric temperatures above 90® F. Although this 
would indicate that the average gasoline is satisfactory 
in the average car, a reduction in fuel-line temperatures is 
necessary to permit the economical use of a more volatile 
gasoline. 

Warming Up. 

After the engine is started, it is desirable that the choke 
be used as little as possible, not only for the driver’s con- 
venience, but abo to prevent dilution of the lubricating 
oil. Various authors have stated that the lower the 

A.S.T.M. 50% point, the less choke will be required. 

According to Boyd [4, 1935], in 1935 over half of the 
American cars were equipped with automatic chokes, the 
purpose of which is to provide the correct fuel to air ratio 
for every starting and running condition. It is particularly 
important that the automatic choke work properly during 
the warming-up period. According to Jorgensen [12, 
1935], the setting of the automatic choke is dependent on 
the volatility of the gasoline being used, the 50% point 
being the controlling factor. He states that in the summer 
there is approximately 100® F. temperature difference 


between the 50% points of different brands of gasolines, 
and that to take care of this range three different automatic 
choke settings are necessary. He stresses the need of greater 
uniformity of the 50% points of the gasolines now on the 
market to reduce the necessity of readjustment of the 
automatic choke. 

Acceleration. 

According to Barnard [Icr, 1934], improvement in vola- 
tility of a gasoline, either at the beginning or end of the 
distillation curve, will result in better acceleration. This 
is not in contradiction to his previous contention [25, 
1930] that the 50% point correlates best with acceleration 
characteristics. Brown [3, 1935] supports this contention. 
Brown [2, 1930] established the relationship between 
atmospheric temperature and minimum 90% point re- 
quired for good acceleration. MacCoull [13, 1933] found 
that a fuel with a 90% point of 300° F. gave a maximum 
acceleration at 70° F. atmospheric temperature. However, 
there was little difference between fuels having 90% points 
between 250 and 400® F. 

Crankcase Oil Dilution. 

Commercial gasolines appear satisfactory from the 
standpoint of preventing crankcase oil dilution and, as a 
result, there are little recent data on the correlation of this 
property with the A.S.T.M. distillation of gasoline. There 
is little doubt but that the 90% point is the controlling 
factor. The universal adoption of crankcase ventilating 
systems is largely responsible for present freedom from 
dilution. The work at the Bureau of Standards led to the 
following conclusions : 

1. Dilution decreases with: 

A. An increase in engine-cylinder wall temperature ; 

B. An increase in air-fuel ratio; and 

C. An increase in crankcase temperature. 

2. Dilution is not much affected by air temperature, 
piston and piston-ring fit, or oil viscosity. 

3. Dilution of crankcase oil is consistently greater the 
less volatile the fuel, the 90% point on the A.S.T.M. 
distillation curve being taken as an index of volatility. 

4. Dilution of crankcase oil is much greater in cold 
weather than in warm weather. 

Economy. 

According to Ricardo [19, 1927], apart from the limita- 
tions introduced by detonation, the efficiency with which 
all gasolines arc burned is practically the same at the same 
compression ratio, and with the same amount of heat 
added at the manifold, since the energy liberated per cubic 
inch of a combustible mixture is practically constant for 
most fuels. There is some evidence, however (MacCoull 
[13, 1933]), which indicates that the modem car produces 
maximum economy when operating with gasolines having 
90% points ranging from 340 to 400® F., the drop in miles 
per gallon of the lighter fuel being due to a lower volu- 
metric heating value, while the decreased economy of the 
less volatile gasoline may be ascribed to imperfect dis- 
tribution. 

The Bureau of Standards tests showed that gasoline con- 
sumption in miles per gallon is somewhat greater in winter 
than in summer. 

The present trend towards heavier cars and higher speeds 
is tending to decrease economy in terms of miles per gdlon. 
However, this is being offset by continual improvements in 
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engine design and by the use of higher compression ratios 
and lower mixture temperatures made possible by im- 
provements in gasoline anti-knock rating and volatility. 

Improved performance obtained by using a more 
volatile fuel may be offset by loss by evaporation in the 
fuel system, which may exceed 5 or 10%, depending on 
the fuel system temperatures. 

Power. 

Although, as pointed out by Ricardo, there is no doubt 
but that the potential difference in power between various 
gasolines is small, tests by MacCoull [13, 1933] indicate 
that present-day cars produce maximum power with 
gasolines having A.S.T.M. 90% points between 300 and 
360" F. 

Power can be increased considerably, however, by using 
a more volatile gasoline if the engine is designed for the 
more volatile fuel, so as to have the least manifold heat 
consistent with proper distribution, since at the lower 
manifold temperatures a denser and more powerful charge 
enters the engine. 

Barnard []a, 1934] calls attention to the fact that, be- 
cause of the lesser tendency to detonate with the colder 
mixtures, if reductions can be effected in mixture tempera- 
tures by using a more volatile fuel, an increase in com- 
pression ratio may be permitted for any given octane 
number of motor gasoline. The effect of mixture tempera- 
ture is in the order of 0*25 compression ratio for each 30" 
change. He estimates that, if advantage were taken of the 
two effects — improved volumetric efficiency and higher 
compression ratio — the brake horse-power might be in- 
creased 10°{> for a 30" decrease in the mixture temperature. 

According to MacCoull [13, 1933], the dew-point of a 
gasoline may be predicted from the A.S.T.M. 90% point, 
as follows: 


A.S.T.M. 

Dew-point 

90 point 

12:1 airlfuel ratio 

240" F. 

43" F. 

280 „ 

70 „ 

320 

100 „ 

360 „ 

128 „ 

400 „ 

157 „ 


The average American gasoline, which has a 90% point 
of 354" F., accordingly has a dew-point of 124" F. To 
ensure perfect distribution American cars should, therefore, 
have a manifold temperature above 1 24" F. 

Boyd [4, 1935] reports that representative mixture 
temperatures have been as follows: 

1931 . . 117" F. 

1932 . . 110 „ 

1933 . . 103 „ 

1934 . . 90 

This would indicate that manifold temperatures arc 
below the dew-point of the average gasoline and, therefore, 
insufficient to provide perfect distribution. This point 
cannot be definitely determined, however, since Boyd has 
stated that his figures on mixture temperatures are pre- 
sented with full realization of the shortcomings of mixture 
temperature measurements as ordinarily made. Never- 
theless, sacrifice is apparently being made from the stand- 
point of perfect distribution to gain the improvement in 
power that results from using lower mixture temperatures. 

Anti-knock. 

The problem of detonation first arose in the United 
States with the introduction of engines of higher com- 
pression ratio (which is the ratio of the volume above the 

IV 


piston at the lowest point of its travel to the volume above 
it at the highest point in its travel). The theory of the 
mechanism of detonation is still by no means clear, 
although many investigations of undoubtedly excellent 
character have been made. The knock may be avoided, but 
with a consequent loss in power and efficiency, by such 
means as retarding ignition timing, enriching the fuel 
mixture, or lowering the engine compression ratio. 

In 1928 the Co-operative Fuel Research Committee, 
a joint committee from the automotive and petroleum 
industries, together with a similar group in England, 
known as Committee D. 9 of the Institution of Petroleum 
Technologists, undertook the development of a laboratory 
test to measure the anti-knock property of fuels. 

Since there appeared to be no correlation between anti- 
knock quality and ordinary chemical tests, the only alterna- 
tive was the development of a laboratory engine in which 
the anti-knock value of a fuel is measured by matching its 
knocking tendency against reference fuels of arbitrarily 
assumed anti-knock value. A single-cylinder laboratory 
engine was developed through a large amount of research 
work and is now being manufactured by the Waukesha 
Motor Company. The primary reference fuels adopted — 
/^<>-octane and normal heptane — were originally recom- 
mended by Dr. Graham Edgar. Secondary reference fuels, 
made generally available by the Standard Oil Develop- 
ment Company, are used in routine testing. 

Early experimental work showed that the octane num- 
ber, or relative anti-knock value, of different fuels depended 
on the conditions under which the test engine operated. 
To determine what laboratory procedure would best 
correlate actual road performance, extensive road tests 
were conducted in 1932 at Uniontown, Pa. As a result 
of these road tests, in which the knock rating of typical 
fuels was determined in representative American cars, a 
reasonably accurate laboratory procedure has been worked 
out and has been adopted as a tentative standard by the 
A.S.T.M., known as D. 357-33 t. Knock Determination 
of Motor Fuels. 

The very rapid increase in the compression ratio of 
American passenger-car engines during the last 10 years 
is shown by Fig. 9. This covers only standard models and 
not the special high-compression heads available for some 
cars; in 1934, for example, while only one standard model 
had a compression ratio above 7:1, optional heads were 
available in nine cars, ranging from 7 : 1 to as high as 7*45 : 1 . 
This increasing compression ratio has resulted in a demand 
for higher and higher anti-knock fuel which has been met 
by the increasing use of cracked gasoline, ‘re-forming’ of 
straight-run gasoline, and the use of tetraethyl lead. While 
only about 3-5% of the total gasoline used in 1934 was 
‘leaded’ to the premium fuel standard, 76 octane, yet over 
60% contained smaller quantities of ethyl fluid to bring 
the gasoline up to 70 octane (maximum), the so-called‘ Q’ 
.standard. The balance, about 35%, represents consump- 
tion of unleaded regular gasoline and third-grade gasoline. 

The octane ratings of the gasolines of all the major 
distributors fall in general in one of the three classifications 
for anti-knock; the premium grade of 76 octane rating 
cither ethyl or its equivalent, the regular grade of 70 octane, 
known also as ‘Q’ gasoline when the anti-knock rating is 
obtained by the addition of ethyl fluid, or by cracking; 
third grade which varies in octane rating from 50 to 60. 

Tests of the 1934 model cars indicate anti-knock require- 
ments ranging between 65-75 octane units if knock-free 
performance is desired. 


C 
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Many of the causes for this variation in anti-knock 
requirement are reported by Hawley and Bartholomew 
[10, 1934], who show that the fuel octane required to 
prevent knock: 

1 . Decreases with improved valve and piston cooling. 


2. Decreases as the cylinder diameter is reduced. 

3. Is lower with aluminium than cast-iron cylinder 
heads. 

4. Increases with accumulation of carbon in combus- 
tion chamber. 

5. Varies with engine speed; the speed for maximum 
knock depending on the individual characteristics of 
the engine. 

6. Decreases with a reduction in jacket temperature. 

7. Varies with mixture ratio; the air/fuel ratio for 


maximum knock being not far different from that 
for maximum power. 

8. Decreases as intake temperature is reduced. 

9. Decreases as the volumetric efficiency is reduced by 
closing the throttle. 

10. Decreases as the spark timing 
is retarded. 

11. Decreases as the compression 
ratio is lowered. 

While the ‘re-forming' or mole- 
cular rearrangement by heating under 
pressure of knocking gasolines has 
been in commercial refinery operation 
for a number of years, it is only 
recently that claims of successful 
isomerization of pure paraffin hydro- 
carbons have been advanced. Nenit- 
zescu and Dragan [16, 1933] by 
means of aluminium chloride catalyst 
at 68'’ C. obtained from w-hexane a 
mixture of 2- and 3-methyl pentane. 
Petrow [18, 1935] also obtained / 50 - 
paraffins from heptane and octane 
by heating to 400-500'' C. in presence 
of various catalysts. This is an im- 
portant development, for while such 
normal paraffins have very low anti- 
knock ratings, that of some of their 
isomers is well above 100. There is 
thus the possibility of separating a 
crude fraction corresponding to the 
hexane-octane range and re-forming 
it under isomerizing conditions of 
temperature, catalyst, &c. 

What promises to be a more 
definite development, however, in 
the synthesis of higher octane motor 
fuel is the polymerization of unsatu- 
rated cracking gases by means of 
phosphoric acid and other catalysts, 
as well as the heat treatment of the 
gaseous paraffins. Since these pro- 
cesses were described in detail during 
the Symposium on the Chemistry of 
Gaseous Hydrocarbons at the 1934 
spring meeting of the American 
Chemical Society, they will not be 
discussed in this article. 

Supplemental Tests 
As previously stated, the operation 
of the engine is concerned only with 
the volatility and the anti-knock 
rating of the fuel. From a stability 
standpoint the question of gum, 
sulphur, and to some degree colour and odour, may be 
given some attention, although only the question of gum 
and sulphur at the present time is considered of any great 
importance. 

Gasoline, particularly that formed from cracking under 
vapour-phase conditions, if stored for any considerable 
period, tends to deposit a resinous material and may form 
similar gummy deposits in the gasoline tank and around 
the intake valve of an en^ne. This tendency of a gasoline 
to form gum may result in stoppage of the lines to, or the 
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passages in, the carburettor, but it has not been definitely 
shown that gum formation, unless very large in amount, 
is a serious objection. 

It has been shown by the work of Voorhecs and Eisinger 
[24, 1929] that it is only the ‘preformed’ or actual gum 
in gasoline that causes trouble in the engine. The copper 
dish test, which involves evaporating 100 c.c. of gasoline 
in a polished copper dish in the steam bath, drying to 
constant weight, and weighing the residue, was for years 
the only recognized test for gum. It is very generally 
recognized that this method of test is difficult to check, 
but is considered of value in predicting the behaviour of 
the gasoline in storage, since it is a rough measure of the 
potential or gum-forming proclivities of a gasoline. 

The actual gum has been determined in the past by the 
evaporation in the steam oven, such as the method of 
Cooke [5, 1925]. 

A recent study of these various test methods indicated 
that none are wholly satisfactory in predicting gum forma- 
tion in practice, nor has the amount of formed gum which 
the engine will tolerate been definitely established. The 
A.S.T.M. tentative method of test for gum content of 
gasoline involves rapid evaporation of a sample of gasoline 
(A.S.T.M. D. 381-34t) at elevated temperature in a current 
of heated air. Since the amount of gum obtained from an 
aged gasoline depends upon the conditions of evaporation, 
the numerical results obtained by this method will not 
be the same as obtained by other evaporation methods, 
but the results obtained by these methods should parallel 
one another. 

The A.S.T.M. has not yet standardized a method for 
determination of gum stability. Methods which are in use 
to give this indication are the bomb test of the Ethyl 
Gasoline Corporation [9, 1930] and the U.S. Army bomb 
test [22, 1935]. In these tests the induction time is meas- 
ured as well as the actual gum formed during the test. 
The method of Voorhees and Eisinger [24, 1929] is also 
used for this purpose, and it is claimed by Rogers [20, 
1933] that an induction period of 400 minutes corresponds 
to approximately a year of storage life in vented iron 
barrels. 

Considerable benefit from the standpoint of stability 
results from the use of small amounts of various or- 
ganic substances for inhibiting oxidation, which has been 
rather definitely established as the primary cause of gum 
formation in gasoline. It is desirable, however, that anti- 
oxidants of the highest effectiveness should be used so 
that the amount required is not sufficient to alter adversely 
any other property of the gasoline. Quite a wide variety 
of materials are used for this purpose. Amino-phenols 
arc among the most effective, but they are in general too 
insoluble in gasoline for practical use. Introduction of 
benzyl groups into para-amino-phenol renders the amino- 
phenol much more soluble in gasoline than in water. 
According to Rogers and Voorhees [21, 1933], butyl and 
amyl amines have been found to exert a protective or 
stabilizing action on inhibitors, thus making it possible to 
use in ‘water-white gasoline’. 

It has also been found that compounds already present 
in the crude fuel arc capable of acting as inhibitors; there 
arc also compounds present which accelerate gum forma- 
tion. Both of these classes of material should be removed 
as far as possible before the addition of inhibitors, or the 
inhibitor added will produce little effect or may even 
increase gum [11, 1933]. 

Inhibitors of value from both the standpoint of gum and 


colour have been found, but in most cases some treatment 
is necessary to ensure freedom from this trouble. It is not 
possible, except with very few cracked fuels, to depend 
entirely on inhibitors without some treatment for im- 
proving naphtha to ensure stability of the finished product. 

It is the practice of most large refiners to conduct storage 
tests over a long period of time, at least 6 months to 2 years, 
in connexion with any new process of refining or stabiliza- 
tion by inhibitors before one can be definitely assured that 
the proposed treatment will give a product of satisfactory 
stability under varying storage conditions. 

Colour. 

With the introduction of ethyl gasoline which, by order 
of the Surgeon-General of the United States Army, must 
be coloured red of a certain definite intensity, the question 
of colour or of refining to a so-called water-white colour 
became of little significance. This was recognized by the 
U.S. Government eliminating colour tests from its specifica- 
tion. The fact that cracked gasolines tend to be much 
yellower in colour and to have more gum than ordinary 
gasoline led many to believe that colour was an indication 
of gum or gum-forming constituents, but it has been shown 
repeatedly that yellow gasolines may contain practically 
no gum, and water-white gasolines may contain large 
quantities of potential gum. Therefore colour cannot be 
relied upon as an indication of freedom from gum, and it 
is now the practice of many refiners to colour gasolines of 
a particular brand a distinctive colour. We therefore have 
gasolines of all the colours of the rainbow. With the 
introduction of ‘Q’ gasoline which contains a certain 
amount of lead, the colouring of this product was also 
mandatory and is ordinarily a copper or orange shade. 

Odour. 

In the early marketing of gasoline the question of odour 
was of great importance. This property is most difficult to 
define and as yet there exists no definite method of measure- 
ment, but it was the custom among refiners to use such terms 
as ‘sweet’, ‘sour’, or ‘cracked’ and ‘aromatic’ to indicate 
the odours of different gasolines. The ancient ‘doctor 
test’ was and is still used, particularly in connexion with 
straight-run products, to indicate presence of or freedom 
from sulphurous products. It affords a simple means of 
detecting the presence of mercaptans or dissolved hydrogen 
sulphide in gasoline, but it seems to overlook one of the 
most corrosive substances, ‘dissolved sulphur’. With the 
wider use of cracked gasolines the question of odour has 
largely disappeared, and no specifications for motor fuels 
now contain any reference to this rather elusive property. 

Sulphur. 

The corrosion of fuel lines due to free sulphur or sulphur 
compounds in the gasoline is not often encountered, but 
almost all gasolines are marketed to meet the copper-strip 
corrosion test, A.S.T.M. D. 130-30. However, crankcase 
corrosion does sometimes occur due to formation of 
sulphur dioxide by combustion of sulphur in the fuel. 
Some of the combustion gases of sulphur leak past the 
piston-rings and combine with moisture in the crankcase 
to form corrosive acids. While crankcase ventilators reduce 
the amount of water present in the crankcase, there is still 
considerable difference of opinion as to possible danger from 
this type of corrosion. As a factor of safety the Govern- 
ment specifications still retain the 010% maximum total 
sulphur content. 
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There has recently been proposed an elaborate series 
of tests by the Ethyl Gasoline Corporation which arc to 
be run in California [1, 1935]. Among other investigations 
covered in this series of fuel tests they intend to determine 
the effect of dyes and concentration of sulphur compounds 
on fuel behaviour in engines. 

In general the gasoline surveys made in the United 
States [23] indicate that in practically all parts of the 
country, with the possible exception of California, the 
sulphur content of gasolines sold comes under the maxi- 
mum 010% (specified by the Government). In California 
gasolines are sold with as high as 0-25% sulphur, and 
there has been no evidence that this higher content has 
caused any trouble in use. There have been two papers 
published by Diggs [7, 1928] and Mougey [15, 1928] 
which showed very rapid and serious corrosion of wrist 
pins, bearings, starter chains, and even cylinder walls from 
a gasoline containing a higher content of sulphur than 
01%, under conditions of winter driving and in cars fitted 
with unventilated crankcases. 

Gravity. 

Gravity, which was formerly the only specification for 
gasoline and is still retained in some State specifications, is 


now considered by practically every one having to do with 
gasoline specifications of no significance from a practical 
standpoint. It is generally relatively true that a lighter 
gravity gasoline indicates a poorer product from the 
standpoints of knocking and fuel economy than a heavier 
gravity gasoline. 

Addition of Lubricating Oil to Gasoline. 

Some gasolines are marketed containing a small quantity 
of lubricating oil. It is alleged that this addition is desirable 
from the standpoint of upper cylinder lubrication. From 
the evidence available on this question, it is the opinion of 
the writer that the addition of lubricating oil in the amount 
found seems to do no harm. 

Special Motor Fuels 

Benzol Blends. 

The quantity of benzol available for motor-fuel blending 
purposes is so limited in the United States that little con- 
sideration need be given to its use here. Certain motor 
fuels containing 20 to 40% of benzol are being marketed 
where a local supply of benzol is available. Such blends 
are satisfactory both from the volatility standpoint and 
from the standpoint of detonating tendencies. 
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MOTOR FUELS IN EUROPEAN COUNTRIES 

By F. H. GARNER, Ph.D., F.LC, and E. W. HARDIMAN, B.Sc. 

Anglo-American Oil Co., London, England 


Specifications for motor fuels marketed in various coun- 
tries vary according to climatic conditions and the compres- 
sion ratios of the engines in both passenger and commercial 
vehicles, but in certain European countries the use of such 
blending agents as alcohol and benzol has led to a greater 
variation in the tests of these fuels than is found in other 
countries, more particularly than in the United States. 

The use of alcohol as a blending agent in gasolines is 
discussed from the point of view of performance in the 
article by Howes on Special Engine Fuels, p. 2444, but the 
most important factor underlying this use of alcohol is not 
that of performance, but rather that of national economics. 
In no country can alcohol be produced at a price which 
is comparable with that of duty-free gasoline from crude 
petroleum, and thus the main factor in the extended use 
of alcohol in Europe is political, and is due to the trend to- 
wards economic nationalism and self-sufficiency. A similar 
factor has operated towards increasing the recovery and sup- 
plies of benzol available, but benzol production is primarily 
dependent on either steel or gas manufacture, and is thus 
a normal by-product, whereas alcohol is primarily produced 
cither from food material or from imported materials such 
as molasses, and only in rare instances is it a by-product, 
as, for example, in Sweden, where the alcohol is recovered 
from by-products of the paper industry. 

Past experience has shown that both alcohol and benzol 
are diverted from motor fuels to other uses in times of 
national emergency, leading to considerable difficulties in 
meeting specification requirements, more particularly as 
regards octane numbers, which have been based on the 
admixture of these two fuels. 

Most of the experimental work on fuels carried out in 
Europe has been on knock tendency, and practically all the 
information on the relation between ease of starting, 
wanning-up, acceleration, and other factors dependent on 
volatility, even that relating to alcohol blends, has been 
carried out in the United States and is reviewed in the 
article on Motor Fuels in the United States, p. 2395. 

A certain amount of work has been carried out on 
volatility indices, such as that of Ostwald [13, 1925, 1927], 
but as these are not based on any practical background 
they arc of relatively little value, (see also Kroch [7, 1926].) 
The work of Hoffert and Claxton indicated that the normal 
correlation of ease of starting with the percentage evapora- 
ted at the 70° C. or the 10% evaporated point which holds 
for gasolines is not correct for benzol mixtures, and such 
mixtures enable easier starting than would be indicated by 
this factor [5, 1933]. 

A comparison of the trend in compression ratios of 
British, Continental, and American automobile engines 
from 1929 to 1936 (see Fig. 1) [2], shows that the tendency 
for compression ratios to increase is the same in all 
countries. It will be noted that sports cars have very high 
compression ratios compared with normal types and, 
accordingly, these engines require fuels of high octane num- 
ber. The high octane number fuels are increasingly being 
met by the use of lead tetra ethyl as an anti-knock agent, and 
in contrast with the single brand of this fuel available in the 


United Kingdom in 1927, in 1937 there were five brands of 
ethylized fuel on the British market. Motor fuels containing 
lead tetra ethyl are marketed in most European countries, 
but in Denmark the so-called Q grade containing less than 
1*5 c.c. of lead per U.S. gallon and having an octane 
number of 70 is marketed. 



Fig. 1. Graph illustrating change in average compression 
ratio from 1929 to 1936. 


An alternative anti-knock agent, iron carbonyl, was 
introduced in Germany, but proved to be unsatisfactory 
owing to its instability and its tendency to form deposits, 
especially on sparking-plugs. 

Table I shows how octane numbers have increased dur- 
ing the last fourteen years. The figures quoted are by the 
C.F.R. research method, or, in the case of the earlier figures, 
they are obtained by conversion [20, 1932]. 

Table I 

Octane Number C.F.R. Engine, Research Method 


Years 

No. I Grade \ 

No. 3 Grade 

1922 

51 

43 

1925 

55 

53 

1928 

58 

55 

1931 

68 

61 

1934 


65 

1936 

1 70 

i 66 


Viewing the world’s power and fuel problem with 
special reference to automotive traction [13, 1925, 1927], 
(1) the relatively low proportion of motor-cars to popula- 
tion is noteworthy for other countries in comparison with 
the United States (Table II) [1, 1936, 1937]; (2) native or 
indigenous supplies of fuel are unequally distributed. From 
the first fact it appears that the world demand for motor 
vehicles must eventually attain greater proportions, and 
consequently the use of automotive fuels must also ex- 
pand; from the second fact the tendency exists for densely 
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populated centres of civilization having little or no native 
supplies of petroleum, in unsettled international conditions, 
to make every effort to be independent of supplies from 
abroad. Two policies prevail in many continental coun- 
tries: encouraging of home refining of imported crude, 
and the use of home-produced fuels other than petroleum 
products. 


creasing, and similarly in some countries, notably Italy 
and Germany, the use of compressed gas and gas genera- 
tors. The commonest form of gas generator in practice 
in these countries uses wood or wood charcoal as the gas 
producer. 

The extent to which alcohol is used as a petroleum sub- 
stitute is indicated by the consumption figures for European 


Table II 

European Vehicle Registrations and Population, 1936 






Consumption, 





Other 


gasoline 

Gal.lvehicle, 

Population: 

Country 

Cars 

vehicles 

Population 

Gals. 

approx.f 

vehicle 

Albania 

510 

820 

1,000,000 



800 

Austria 

27,452 

73,895* 

6,760.000 

31,850,000 

314 

67 

Belgium 

124,183 

135,252 

8.250,000 

88,200,000 

340 

32 

Bulgaria . 

2,000 

3,725 

6.000.000 



1,050 

Czechoslovakia . 

77.569 

75,957 

14,730.000 

65,800,000 

428 

96 

E>enmark . 

95,318 

67,341 

3,560,000 

77,000,000 

473 

22 

Esthonia . 

2,100 

2,900 

1,116,000 



200 

Finland 

20,500 

20,350 

3,670.000 

20,3^,000 

496 

89 

France 

1,600,000 

500,000* 

42,000,000 

805,000,000 

383 

20 

Germany . 

945,085 

1,482,080 

66,000,000 

595.000,000 

245 

27 

Great Britain 

1,604,948 

1,002.163 

44,500.000 

1.347,500,000 

516 

17 

Greece 

7,500 

7,550 

6.200,000 

12,950.000 

806 

400 

Hungary . 

10,950 

13,750 

8,700,000 

14,700,000 

595 

352 

Irish Free State . 

45.211 

14,337 

3,000,000 

38.850,000 

652 

50 

Italy 

290,000 

270.000 

43,000,000 

157,500,000 

281 

77 

Netherlands 

90,100 

101.900 

8,000,000 

121,800,000 

634 

42 

Norway 

42,321 

39,342 

2,810,000 

41,650,000 

510 

34 

Poland 

19.000 

16,900 

32.150,000 

33.950.000 

946t 

1,230 

Portugal . 

30,050 

15,850 

7,000,000 

21,000,000 

457 

152 

Roumania 

17.500 

8,750 

18,000,000 

27,650,000 

L053t 

700 

Sweden 

116,700 

98,000 

6,150,000 

121,800,000 

567 

28 

Switzerland 

70,662 

56,684 

4,100,000 

64,050.000 

503 

32 

Yugo-Slavia 

8,844 

7.753 

14,000,000 
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• Motor-trucks only. 

t The consumption in gallons/vehicle is, of course, related to the proportion of other vehicles, e.g. motor- 
cycles having relatively low consumptions. 
t Producing and Rehning Countries. 

For purposes of comparison, the number of vehicles registered in the U.S.A. (1936) is 28,086,380, which, 
compared with the total population of 137,000,000, gives a population/ vehicle ratio of 5 : 1. 


Table III shows the extent to which the use of substitute 
fuels was carried on in European countries in* 1935 [21]. It 
will be seen that Germany is by far the greatest producer 
of substitute fuels in Europe. Table V shows the tonnage of 
imported gasoline in European countries over a period of 
years. 

Table III 


Consumption of Light Motor Fuels in European 
Countries, 1935 



Total light 

Total substitute 

% of con- 

Country 

fuels, tons 

j fuels, tons 

sumption 

Great Britain 

4,400,000 

292,000 

66 

France 

2,685,000 

355,000 

132 

Germany . 

1,930,000 

855,000 

44-3 

Italy . 

501,000 

16,000 

3-2 

Spain 

436,000 

13,000 

30 

Sweden 

. i 410,000 

i 14,000 

3 4 

Holland 

400,000 

4,000 

10 

Belgium 

. j 360,000 

8,000 

2-2 

Denmark . 

. ‘ 268,000 



Switzerland 

219,000 

j 


Czechoslovakia 

. ! 235,000 

51,000 

2i-7 

Austria 

. 1 143,000 

10,000 

70 


Types of Substitute Fuels 

The most common substitutes for petroleum spirit in use 
are alcohol and benzol. The use of coal spicits produced by 
low-temperature carbonization and hydrogenation is in- 


countries in Table IV [22, 1936]. The motor spirit pro- 
duced from coal by hydrogenation or other methods is 
usually manufactured to the same specifications as im- 
ported motor spirit. 

Table IV 

Alcohol used as Motor Fuel in European Countries 


Year 

1 Metric tons 

Gallons 

1930 

58,700 

19,376.000 

1931 

121,000 

39.964,000 

1932 

; 182.270 

60,195,000 

1933 

361,650 i 

119,435,000 

1934 

; 445,340 ; 

147,074,000 

1935 

! 576,448 I 

191,381,000 


Financial Aspect of Petroleum Substitutes 

Owing to the relatively low price at which it is possible to 
import gasoline, European Governments draw very large 
revenues from the imposition of import duties and inland 
tax on this commodity. It is only when gasoline is taxed to 
the extent common in Europe that it is possible to produce 
substitutes such as alcohol and benzol at a competitive 
price. This means that in countries where legislation is 
enforced to encourage the use of these substitutes the 
Government has to buy the commodity from the producer 
and sell to the distributor at a loss in order to keep the price 
sufficiently low to satisfy the general public. In addition, 
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the import and inland tax on the quantity of gasoline 
replaced by substitutes is lost. It has been estimated that, 
in France, a loss to the Government of 4,000 million 
francs (£40,000,000) has been incurred between 1923 and 
1935. Similarly in Germany and Sweden it is estimated 
that the total loss to the State in 1935 amounted to 
153 million Reichmarks (£8,000,000), and 3,800,0(X) Kr. 
(£200,000) respectively [22, 1936]. 


also receives a drawback of 8}d. per imperial gallon, where- 
as gasoline, either imported or home refined from imported 
crude petroleum, is taxed at 8(/. per gallon. Benzole mix- 
tures are sold in Great Britain by three companies. Some 
idea of the improvements that have taken place in the 
quality of motor spirit sold on the British market can be 
gained from Table VI, showing tests on typical grades 
of motor spirits over a number of years. The improve- 


Table V [9, 1936] 

Imports of Motor Spirit into European Countries over a period of years (in long tons) 


Country 

United Kingdom 
Irish Free State 
Austria 
Belgium . 

Denmark 
Finland . 

France 
Germany 
Greece . 

Hungary. 

Italy 

Holland . 

Norway . 

Poland 
Roumania 
Sweden . 
Switzerland 


J930 

. 3.038,958 i 

105,720 
108,278 I 
216.890 I 
. I 203,868 ! 

. i 92,251 ! 

. , 1,865,284 ’ 

. ; 1,412,011 

. i 46,791 : 

. i 9,835 : 

. i 383.615 i 

258.728 
. } 85,066 

. 1 544 

10 

. I 297,077 

156,378 1 


1931 1932 

2,878,309 ! 3,071,645 i 
130,791 ' 98,924 

83,147 59,646 ' 

243,207 316,000 

238,583 , 231,305 

55,795 ' 28,048 

2,130,797 : 1,978,651 
1,325,389 1,070.500 ^ 

48.978 46,488 

3,484 1,400 ' 

361,336 319,809 i 

378,917 : 320,874 ' 

86,189 115,534 

7 12 

57 nil 
311,007 327.557 

179,021 201,029 


1933 

1934 

3,499,791 

3,673,524 

105,903 

113,759 

48,849 

47,547 

227,376 

261,287 

215,145 

252,389 

59,201 

67,387 

1,714,792 

1,041,546 

988,890 

1,140,090 

45,548 

41,265 

352 

459 

286,677 

342,658 

368,525 

330,253 

96,702 

105,997 

23 

28 

nil 

nil 

323,598 

346,308 

192,340 

215,095 


1935 1936 

4,115,124 4,256,109 

60,606 ! 

' 281,224 

! 253,188 257,400 

I 574,821 ! 

1,217,502 
54,522 


367,146 i 336,258 
138,294 

nil 

391,950 
205,803 , 


Table VI 

Comparison of Motor Spirit Tests in Great Britain , 1927, 1932, and 1936 


Grade 


Ethyl 



No. 1 

Year 

: 1936 

1932 

1927 

1936 

1932 

Sp. gr. 

. 0738 

0 735 

0-739 

0 733 

0-735 

Engler Distillation: 

, 1 





l.B.P. C. . 

38 

34 

46 

35 

34 

% at 60^ C. 

9 

10 

2J 

10 

iO 

70" C. 

16 

15J 

H 

171 

16 

80" C. 

23 

22k 

16i 

25 

22k 

90" C. 

30i i 

30 

1 

i m 

30 

100 ’ C 

381 1 

381 

I 35 

40 

381 

120" C. 

57 

60 1 

1 54i 

58 

55k 

140" C. 

. ^ 73 ! 

78 I 

1 75 

73J 

72 

160" C. 

. 1 86 

m \ 

; 88 

87^ 

83J 

180" C. 

. I 951 ! 

96 * 

96 

94h 

93 

End Pi. "C. 

. i 185 

185 

186 

185 

196 

Octane no. 

. i 81 

77 

72 

70 

69k 


United Kingdom 

The imports of gasoline into the United Kingdom have 
reached a high figure (Table V), and the production of sub- 
stitute fuels forms only a very small proportion of the total 
consumption in the United Kingdom. The consumption of 
power alcohol has risen from 842,383 gallons in 1935 to 
2,274,049 gallons in 1936 [14, 1937]. Motor benzole con- 
sumed in 1935 amounted to 42,250,0(X) gallons, and this 
figure was considerably increased in 1936. Motor spirits 
from shales and low-temperature carbonization of coal 
amounted to 10,950,000 gallons in 1935, and the output 
remains approximately the same in 1936. Hydrogenated 
spirit rose in output from nil in 1934 to some 20i million 
gallons in 1935 and 33,600,000 gallons in 1936. 

Alcohol blends can be sold at the same price as ordinary 
first-grade gasoline by reason of the fact that under the 
Finance Act, 1921, alcohol used in internal combustion 
engines, provided it is blended with a minimum of 25% 
gasoline or benzol, is tax free and, under the Revenue Act 
of 1906, home-produced alcohol for use in road vehicles 


No. 3 Benzol Mixture 


1 1927 

; 1936 

1932 

1927 

: 1936 

1932 

1927 

f 0 734 

1 

; 0747 

0 737 

0 735 

; 0 784 

' 0-777 

0-774 

i 39 

40 

35 

41 

51 

50 

50 

i 5 

i ® 

8 

31 

: 2 

2 

i 

11 

: 14 

13 

8 

9 


2k 

i 19 

1 20 

19 

15 

23 

m 

m 

271 

i 26 

26 

221 

421 

33 

28 

371 

1 

33 

311 

, 58 

50 

' 43i 

58* 

43 

50k 

501 

i 73 

1 70 

62^ 

1 77 

57i 

68 

701 

' 83 

! 80 

75 

1 88i 

! 72 

i 82J 

87 

904 

90 

i 85 

96i 

! 87i 

91 

95 

; 97 

i 96k 

1 93 

183 

' 201 

205 

186 

! 190 

1 187 

1 199 

1 

i 66 


1 

i 70 

! 69 

65 


ments in octane number and volatility, to meet the use of 
higher compression ratios, and the demand for easy start- 
ing, are noteworthy [25]. 


Fiscal Definition. 

The Government Light Oil Specification which governs 
gasoline taxation is broadly defined and includes white 
spirits, and other products not intended for use in motors, 
which arc, however, taxed as gasoline. The specification 
defines the product as a hydrocarbon oil of which not less 
than 50% by volume distils at a temperature not exceeding 
185'' C, or of which not less than 95% by volume distils at 
a temperature not exceeding 240° C., or which gives off an 
inflammable vapour at a temperature of less than 22*8° C. 

Irish Free State 

The policy of the Government is to encourage the 
domestic refining of imported crudes, and the encourage- 
ment of the manufacture of power alcohol is part of the 
self-sufficiency programme that the State has adopted. The 
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estimated production of alcohol during 1937 is 1,000,000 
gallons and the price to be charged to fuel distributors is 
said to be 3s, 6d. per gallon comparing with Is. 8d. per 
gallon for first-grade gasoline. The Irish Industrial Distri- 
butors’ Association has come to an agreement with the 
Government to confine the sale of the alcohol mixture to 
the bigger transport companies, who will absorb the entire 
output [15, 1936]. 

The Irish Government is endeavouring to foster the 
refining of crude petroleum. Since there is no crude petro- 
leum production in Ireland, any refinery is dependent on 
outside sources for its raw material, and, furthermore, to 
obtain grades of petroleum products approaching the 
standard of quality at present enjoyed by Irish consumers, 
and in the relative quantities required, involves the refining 
and blending of crudes from many entirely different parts 
of the world [16, 1937]. 

Condnental Europe 

In many of the countries of Continental Europe there 
are fiscal specifications distinguishing between motor fuels 
and higher boiling products such as kerosines and gas oils, 
and reference is made to some of these under the separate 
countries. These specifications are, however, changed from 
time to time. Premium and regular grade motor fuels are 
sold in practically all countries, differing chiefly in octane 
number. In general, apart from alcohol blends, the speci- 
fications of motor fuels are essentially similar in all con- 
tinental countries. 


France 

The policy adopted by France is one of home refining of 
imported crude for gasoline supplies. This refining policy 
is backed up with fourteen thoroughly modem refineries 
with a capacity of over 6,000,000 tons of crude per annum 
[26, 1935], 

France is by far the largest power alcohol consuming 
country in the world, which was the result, in the first place, 
of huge surplus stocks of alcohol being available after 
the War. However, the industrial demands in France for 
alcohol for rearmaments, and for export, have increased 
considerably of late, and the production of power alcohol 
was rather reduced in 1936. It is consequently expected 
that the quantity of power alcohol that is likely to be 
available during 1937 will be some 30% short of that avail- 
able during 1936. 

Originally, the distributors were compelled to market a 
‘Carburant National’ consisting of approximately 50 
alcohol and 50% gasoline. This mixture was unpopular 
with the public, and the chief and practically sole users were 
Government departments and Paris omnibus services. 

In October 1931 a law was passed making it obligatory 
to sell all heavy gasoline in a mixture of 25 to 35 litres of 
alcohol to 100 litres of gasoline. This mixture is known as 
‘Carburant Poids Lourd’. It was found, however, that 
distributors could not dispose of their total commitments 
through this channel, and in February 1933 a decree was 
published which authorized the addition of alcohol to 
first-grade gasoline (essence tourisme) in the proportion of 
from 15 to 25 volumes of alcohol to 1(X) volumes of gaso- 
line, but a few months later this was altered to 11 to 15 
volumes of alcohol to 100 volumes gasoline. Many dis- 
tributors now add from 10 to 15% of alcohol to their first- 
grade gasoline. 

The following table shows the growth in annual alcohol 
yield over a period of years [3, 1935]: 


Year 


Hectolitres 


1924/5 

1925/6 

1926/7 

1927/8 

1928/9 

1929/30 

1930/1 

1931/2 

1932/3 

1933/4 

1934/5 


. 2,000,000 
. 1,553,760 
. 1,416,616 
. 2,112,207 
. 2,171,819 
. 3,000,000 
. 3,092,892 
. 3,314,991 
. 4,262,121 
. 4,000,000 
. 4,800,000 


A recent decree also provides for synthetic fuels, and 
states that holders of petroleum import permits will, in 
proportion to their imports of similar products involved, 
bear the cost of forming and running a ‘comptoir’ for the 
disposal of the synthetic products, and the price at which 
these products will be unloaded on the ‘comptoir’, their 
allocation, and the prices at which they will be disposed of 
are to be fixed by the Government. 

Since France is a great importer of coal, little develop- 
ment is taking place in low-temperature carbonization of 
this product, although lignite is a promising raw material. 

The fiscal definitions of motor spirits, according to the 
decree of 29 May 1935 are: 

Essence. Products distilling at least 15"o by volume 
below 100'' C., and at least 95''o below 215 C., in- 
cluding losses, employing the normal method of dis- 
tillation. 

Essence Tourisme. This is defined as a clear, neutral 
spirit, not containing sulphur when tested by the Doc- 
tor method, not giving rise to deposits, and responding 
to the conditions below, based on the A.S.T.M. distil- 
lation test. 

(1) At least 30% by volume to distil over below 
100° C., and at least 95% below 185° C., including 
losses. 

(2) The Final Boiling-point shall not be greater than 
205° C., and the residue shall not be more than 
2%, and shall remain liquid at a temperature of 
15° C. 

Germany 

Although the domestic production of crude petroleum in 
Germany has increased considerably in the last few years, 
due to intensive exploration and development work, it still 
remains small, and there arc poor prospects of its attaining 
pronounced importance. In 1935 domestic crude fur- 
nished only around 5% of the national requirements of 
gasoline [12, 1937]. 

Table VII 


Germany ’5 Production of Crude Petroleum 


Year 

Quantity (metric 

1928 . 

. 92,000 

1929 . 

. 103,800 

1930 . 

. 174,000 

1931 . 

. 229,000 

1932 . 

. 230,000 

1933 . 

. 239,000 

1934 . 

. 320,000 

1935 . 

. 430,000 


Germany’s domestic supply of benzol has been increased 
by various means. One has been the installation of im- 
proved equipment in coke plants, particularly the ‘Still’ 
inner suction process, enabling a higher yield of tar and 
benzol per unit of coal processed. 

In recent years alcohol has become a very important 
factor in the German motor fuel market. Faced with the 
constant increase in the stocks of alcohol, the Govern- 
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mcnt directed their attention to assisting the distilleries 
and, indirectly, the farmer, by creating new outlets for 
alcohol. In August 1930 a decree was issued making it 
compulsory for importers and domestic manufacturers of 
gasoline to purchase a certain amount of alcohol from 
the German Federal Alcohol Monopoly. By this decree 
alcohol was to be purchased at the rate of 2J% of the net 
weight of all gasoline imported or purchased within the 
country, but the ratio has increased gradually until it has 
reached 10%. Later, owing to the shortness of supplies of 
potatoes available for the manufacture of alcohol, diffi- 
culty has been experienced in supplying the quantities 
required. On the other hand, the synthetic production of 
methyl alcohol has increased considerably, and, moreover, 
this can be produced at a lower cost than ethyl alcohol 
from potatoes. As a result of this, two new regulations 
appeared in the latter end of 1936: one stipulating that 
motor benzole may be sold in the open markets only if it 
contains one part by weight of methanol for every ten parts 
of benzole, and that ethyl alcohol used in motor fuel shall be 
mixed with methyl alcohol in the proportion of 4 to 1 
respectively. The second regulation prohibits the use of 
motor fuel which contains no alcohol; the alcohol-free 
zones are abolished, so that the same kind of motor fuel is 
now available throughout Germany [17, 1936]. On 1 May 
1937 a new regulation came into force stipulating that 
premium grade gasolines may be sold free from alcohol, 
while the regular grades must contain 13 to 16% by weight 
of alcohol consisting of two parts ethyl alcohol and one 
part methyl alcohol by weight. 

It is of interest to note that it has been reported that this 
recent decree regarding methanol has caused trouble to 
engine-builders [4, 1936]. Methanol has been found to cor- 
rode the light magnesium-zinc-aluminium alloys forming 
magnesium methylate, and this action is said to be more 
pronounced in a gasoline mixture than in the pure meth- 
anol. Iron and lead-coated iron are attacked, and even 
galvanized iron is stripped of its coating of zinc. The 
question of just what changes must be made in the com- 
position of metal alloys used by the engine-builders still 
awaits completion of further investigations. 

The following figures for the home production of gaso- 
line, benzol, and alcohol aflbrd an interesting comparison 
with the petroleum import figures in Table V [18, 1935]. 



1934 

1935 

Gasoline 

Tons 

Tons 

Domestic production 

. 250,000 

365,000 

Benzoic 

Domestic production 

. 280,000 

380,000 

Imports 

70,000 

40,000 

Alcohol 

Domestic production 

. 170,000 

180,000 


The production of petrol from coal and lignite by hydro- 
genation and low-temperature carbonization has received 
much attention, and the estimated total production from 
plants operating in 1935, under construction or projected, 
was 885,000 to 945,000 tons per annum [23, 1935]. Lignite is 
the predominating raw material, and the home production 
of petrol from this source has been strenuously developed. 
The present programme (1937) anticipates that within 
fifteen months Germany will be able to manufacture the 
whole supplies of motor spirit required from indigenous 
sources. 

Considerable work has also been carried out in Germany 
in the use of gas for motor vehicles, both town gas and gas 


generated on the vehicle from wood charcoal and similar 
substances. In order to carry a satisfactory supply of town 
gas for an internal combustion engine, it has to be highly 
compressed, figures of 2,250 lb. per sq. in. being common 
[11]. Using a new steel alloy, cylinders arc constructed 
which can stand 200 atm. pressure, and are sufficiently light to 
attach to a truck. The gas is fed to the motor through two 
pressure-reducing valves, and very satisfactory operation 
has been claimed [6, 1936], Numerous town-gas filling- 
stations have been established in Hanover and Berlin, and 
manyothersare under construction throughout the country. 

Tests were carried out in 1936 on a fleet of 46 trucks, 38 
of which were equipped with gas producer and explosion 
engines, including 20 operating on wood, 1 on low-tcm- 
perature brown coal coke, 10 on wood charcoal, 2 on 
anthracite, 2 on peat coke, 1 on brown coal briquettes, and 

2 on low-temperature coke. Of the remaining 8 vehicles, 

3 were operated on Diesel oil from brown coal, 1 on rich 
gas, 1 on methanol, and the remaining 2 were equipped 
with steam-engines [10]. Trucks carrying full loads were 
driven over a course of 16,(XX) km., including all grades and 
traffic conditions. It was found that brown coal coke, stone 
coal coke, and anthracite gave the lowest fuel cost. Travel 
speed with liquid fuels was much greater than with producer 
gas, and the latter required a somewhat more expensive 
servicing. The motors operating on generator gas required 
more time for starting, whether hot or cold. Cylinder wear 
was stated to be no greater with wood or wood charcoal 
than with Diesel motors, which testifies to the efficiency of 
the gas filtering systems. The different fuels had quite dif- 
ferent effects on lubricating oil. Wood fuel produces tar 
which tends to increase viscosity, acidity, and asphalt con- 
tent. Compressed gas and methanol gave the least oil 
contamination. 

Italy 

The policy adopted in Italy is that of encouraging the 
use of substitute fuels wherever possible, and replacing 
imported gasoline by gasoline manufactured in Italian 
refineries from imported crude. Home refining has recently 
been extensively developed, although the home production 
of crude oil is very small, and the refining programme con- 
templates a capacity of from 1, OCX), 000 to 1,200,000 tons of 
crude per annum. It is estimated that, to satisfy all require- 
ments, upward of 2,000,000 tons of crude would have to 
be processed each year [27, 1935]. 

Efforts are also being made to increase the national 
production of ethyl and methyl alcohol. The Royal decree- 
law No. 1965 of 7 November 1935 fixed a remunerative 
price for root alcohol and stipulated for its admixture with 
imported or home-produced gasoline. Steps have also been 
taken to effect an ultimate increase in the production of 
benzole and other special motor fuels. The Italian Govern- 
ment aims at making it possible within three years to add 
20% of alcohol to all gasolines consumed. 

Amongst laws enacted with the object of rendering Italy 
as soon, and as much, as possible independent of foreign 
motor fuels is the substitute fuel decree announced at 
Bolzano at the end of August 1935 in the following terms: 

‘The Council of Ministers has approved a decree- 
law stipulating that all publicly or privately owned 
motor vehicles employed for collective passenger trans- 
port, urban or interurban, shall be run by means of 
gas-generating motors or on substitute fuels. The con- 
version of such motor vehicles at present in service must 
be effected by 31 December 1937.’ 
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Much experimental work has been carried out in Italy 
with gas-generating sets for motor vehicles, and every 
encouragement is given by the Government for the utiliza- 
tion of this type of fuel. Hydrogenation is also being 
developed in Italy, and it has been shown that the lignites 
of Tuscany can be hydrogenated with a direct yield of 
about 15% of good gasoline, and 30 of total liquid oil [8]. 

All liquid motor fuels of the gasoline type in Italy con- 
tain alcohol or a mixture of alcohol and benzole. 

Sweden 

The Swedish Government has, during the last few years, 
taken steps to foster the use of home-produced motor fuel, 
being led thereto partly in order to assist the distilling in- 
dustry, and to alleviate the distress caused by the low prices 
of agricultural products. In August 1931 the Government 
issued instructions to all Government departments to give 
preference to home-produced motor fuel, provided that its 
cost did not exceed that of imported fuel by more than 
10 %. 

Having regard to the Government’s wish to encourage 
the use of home-produced fuel, the leading oil companies 
voluntarily agreed to take over the surplus alcohol pro- 
duction from sulphite pulp in the paper industry. The 
alcohol was sold by the gasoline distributors in a blended 
fuel known as Lattbentyl, consisting of 25% alcohol and 
75% gasoline. 

In July 1934 a Royal decree, coming into force in October 
1934, was promulgated with the object of increasing the 
use of alcohol as a motor fuel. The Spritcentralen was 
obliged to purchase at a fixed price sulphite spirit up to a 
maximum of 40,000,000 litres per year. In order to pro- 
vide a steady outlet for the stocks held by the Spritcen- 
tralen, distributors and manufacturers of motor spirit were 
obliged to acquire alcohol from this source. 

The quantity of alcohol taken over by motor fuel distri- 
butors was fixed by the Government as from 1 October 
1936 at 3-3% of the total imports of motor spirit [34, 1937]. 

Denmark 

The use of alcohol in motor fuels in Denmark has been 
thoroughly investigated by a committee of the Royal 
Danish Agricultural Society. The report issued by this 
committee stated that the difficulty arising from the use of 
alcohol lies in the question of price, and that even were 
alcohol exempt from taxation it could not compete with 
gasoline, although a tax of 13 ore per litre (6-3^/. per gal- 
lon) is levied on the latter. The admixture of 25 % alcohol 
with gasoline would entail a total additional expenditure 
of 30*6 million crowns (£1,366,000) [24, 1937]. Stress was 
laid upon the increased transport expenses the farmers 
would have to incur as the result of the adoption of an 
alcohol policy, and the report reached the conclusion that 
unless gasoline prices in Denmark were considerably in- 
creased the question of alcohol mixtures did not merit 
serious consideration. 

With the exception of a limited amount of motor benzole 
which is import^ and used for racing machines, there is no 
appreciable consumption of any types of motor fuel other 
thw petroleum products. 

Holland 

A committee appointed by the Dutch Government has 
decided that a policy aimed at increasing the production of 
power alcohol from beet sugar for incorporation with 
gasoline would mean a lowering of the quality of motor 


fuel at present enjoyed by the consumer, would increase its 
cost, and would, moreover, involve the Government in 
considerably more than the expenditure on the present 
subsidy to the beet-sugar industry [30, 1936], 

Benzole is admixed with gasoline in one or two of the 
premium grades of motor spirit marketed in Holland, but, 
in general, petroleum products are used. 

Switzerland 

In the early part of 1936 the Swiss Government modified 
the Alcohol Law with the object of overcoming the deficit 
of the Government Alcohol Administration, and, as a 
remedial measure, made compulsory the admixture of 
alcohol with gasoline. As a result of this decree, the Swiss 
Federal Council purchased 37,740 barrels of alcohol from 
distillers for re-sale and use in alcohol-gasoline motor fuel. 
The cost was £705,400, but in order to keep the blended 
fuel competitive in price with straight gasoline the alcohol 
was sold for £254,200 causing the Government to lose 
£451,200. Processing costs and loss of import duties on 
gasoline increased the Government losses to an estimated 
total of £647, 200 [19, 1936]. 

The Government’s plan contemplated that Swiss motor- 
ists would pay an additional centime per litre for their gaso- 
line, an added cost which would have increased their total 
fuel bill by about £176,400, but it now appears that this will 
be changed owing to the unpopularity of this policy. 

Regular grades of motor spirit in Switzerland are, in the 
main, petroleum products, but both alcohol and benzole 
are also admixed in some of the premium grades. 

Austria 

Austria is a non-producer of crude petroleum, and im- 
ports, mainly from Roumania, the requirements of its 
seven refineries. The plants produce only about 30‘;/o of the 
gasoline consumed in the country, the remainder being 
imported. Until 1931 benzole was the only other product 
which figured in this motor-fuel market, and was usually 
sold in a blend containing 40% of benzole and 60% of gaso- 
line. The average yearly production of benzole used in this 
connexion amounted to about 25,000 barrels. 

Following the passage of a law to regulate mixture of 
alcohol with motor fuel, passed on 1 February 1931, and 
becoming effective on 1 May 1931, alcohol became a factor 
in the Austrian fuel market. This law gave the Minister of 
Finance power to enforce the compulsory admixture of not 
more than 25 % of alcohol of Austrian origin with gasoline, 
provided the price of the alcohol was not higher than the 
wholesale price of gasoline. This restrictive provision 
regarding the maximum price of alcohol has since been 
rescinded by a decree dated 9 September 1933. 

On 7 July 1934 legislation came into force governing the 
distribution of alcohol. It was enacted that alcohol for the 
purpose of admixture must be of at least 99-5% purity and 
of Austrian manufacture. Importers of gasoline must pur- 
chase 2% alcohol by weight of the total gasoline imported 
and, in the case of the manufacturer of gasoline, 3*75% by 
weight of the total manufactured. The alcohol purchased 
must be used for the purpose of making a fuel mixture of 
which at least 20 and not more than 40 parts by weight must 
be alcohol, the rest to be gasoline, or gasoline and benzole. 

Hungary 

Owing to the overproduction of farm products, and of 
alcohol, a law came into effect in 1929 making it compul- 
sory to mix all gasoline with a specific gravity of from 0*736 
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to 0*770 used for propelling motor vehicles, with anhydrous 
alcohol in such proportion that the resulting mixture con- 
tains 20% of alcohol. This, however, did not apply to 
gasoline used by motors in the agricultural industry. The 
alcohol, which must be not less than 99*5% pure, is pur- 
chased from the Agricultural Alcohol Trading Company, 
a State controlled cartel, which sells it to the oil companies 
at a price fixed from time to time by the Minister of 
Finance. Although petroleum spirit of lower specific 
gravity can be sold as such, the tax on it is more than double 
that on the heavier grade, so that alcohol blends are the 
most widely used in Hungary. 

Roumania 

Roumania is the second largest crude-producing country 
in Europe, and exports roughly 2,000,000 tons of gasoline 
annually; under present conditions this product is shipped 
to Constantza on the Black Sea by railway, the oil com- 
panies paying the railways (which are State controlled) 
about 430 lei per ton. Pipeline transportation is gradually 
being developed, the total length of pipeline laid up to 1935 
being 3,360 km. The growth of this system of oil transport 
will materially assist the development of the oil industry in 
Roumania. Apart from external conditions, the oil in- 
dustry has had to contend with high internal taxes, it being 
estimated that more than half the income of the Govern- 
ment is derived from oil. 

Table VIII 



Refining 

rapacity (tons) 

Crude prodtu 

Year 

Distilling 

Cracking 

tion {tons) 

1930 1 

6,800,000 

765,000 

5,744,000 

1931 1 

8,400,000 

1 834,000 

6,657,000 

1932 

9,080,000 

985,000 

7,350,000 

1933 , 

9,837,000 

1,059,000 

7,387,000 

19.34 1 

10,574,000 

1 1,354,000 

8,472,000 

1935 1 

11,764,000 

i 1,500,000 

8,382,000 


Most Roumanian crude is of paraffinic origin, and the 
straight gasolines produced are distinguished by low sul- 
phur content and low octane number. A limited amount of 


naphthenic crude is produced and refined for the produc- 
tion of aviation gasolines. 

The growth of cracking in the refining industry is illus- 
trated in Table VIII [28, 1936]. 

Roumanian petroleum products are exported, principally, 
to Germany, Austria, Italy, Hungary, Czechoslovakia, Egypt, 
and the Near East, and the growth of the gasoline export 
trade can be seen from Table IX [29, 1937], 


Table IX 


Gasoline Exports 


Year 


Tons 


1913 . 

1929 . 

1930 . 

1931 . 

1932 . 

1933 . 

1934 . 

1935 . 


241,726 

802,421 

1,119,469 

1,547,472 

1,639,229 

1,757,216 

1,957,690 

1,951,922 


Poland 

The situation in Poland is different from the European 
countries other than Roumania in that there is a plentiful 
supply of Polish crude as a basis for motor requirements. 
The straight motor gasoline produced from Polish crude 
has rather a low octane number (60/61), but is of low sul- 
phur content. However, a decree dated 11 July 1932 
authorizes the Council of Ministers to compel the admixture 
of alcohol with gasoline. An agreement was reached with 
the Alcohol Monopoly whereby the oil companies pur- 
chased alcohol equivalent in quantity to 9% of their sales 
of gasoline during the previous year. As the consumption 
of gasoline in 1932 amounted to about 100,(XX),0(X) litres, 
the quantity of alcohol which had to be purchased during 
1933 amounted to approximately 9,000,000 litres. It was 
provided that if, during any subsequent year, the consump- 
tion of gasoline was greater than in 1933, the alcohol quota 
would be increased by 2% for every 10% increase over and 
above the amount of gasoline consumed during 1933, with 
a further provision that at no time will the oil companies 
have to purchase alcohol equivalent to more than 30% of 
the previous year’s sale of gasoline. 
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NATURAL GASOLINE 

By GEORGE GRANGER BROWN, A.I.C.E., Professor of Chemical Engineering, and DONALD L. KATZ, 

University of Michigan, Ann Arbor, Michigan 


Introductory 

Natural gasoline, frequently called 'natural gas gasoline' 
or 'casing-head gasoline’, is a volatile, hydrocarbon liquid 
extracted from natural gas. It has properties somewhat 
similar to but is much more volatile than refinery gasoline. 
Inasmuch as natural gasoline is extracted from natural gas, 
the history of the natural gasoline industry is closely asso- 
ciated with that of the natural gas and crude oil industries. 

In 1903 at Sistersville, West Virginia [25, 1922], and in 
1904 at Tidioute, Pennsylvania, U.S.A. [7, 1925], the first 
commercial quantities of natural gasoline were extracted 
from natural gas by cooling the gas at pipeline pressures. 
The liquid condensate was ‘weathered’ to atmospheric 
pressure and sold as casing-head gasoline because the 
natural gas came from the casing-head of oil-wells. In 1905 
compressors were used to raise the pressure of the gas 
during the cooling operation to increase the quantity con- 
densed over that obtained at the natural gas line pressure. 
This operation was the beginning of the commercial com- 
pression process for natural gasoline manufacture. 

The natural gasoline industry grew gradually at first, 
using the compression process to conserve a portion of the 
natural gas which was wasted or used as low-grade fuel 
and transform it into a valuable motor fuel. By the year 
1915 natural gasoline production was equivalent to 0 
of the crude oil production in the United States. At about 
this time the oil-absorption process of recovering natural 
gasoline began to gain favour, and by 1920 27% of the 
natural gasoline manufactured was extracted by this pro- 
cess. By 1928 about 86% of the natural gasoline produc- 
tion in the United States was by the oil-absorption method, 
which is the major process in commercial use. 

For a few years following 1920 a small portion of the 
natural gasoline was produced by the charcoal adsorption 
process used alone or in conjunction with the oil-absorp- 
tion process. 

At the present time (1936) in the United States there are 
840 natural gasoline plants having a rated daily capacity 
of 10, 000, (XX) gallons raw or unstabilized gasoline, but with 
an average daily production of 4,500,(XX) gallons of finished 
gasoline. This quantity of gasoline is equivalent to 3 4% 
of the present U.S. crude production or 8 9% of the total 
gasoline manufactured (A.P.l. data). In 1930 the natural 
gasoline production, although no greater in net quantity, 
was equal to 12*5% of the total motor fuel. Natural gaso- 
line is an important contributor to motor-fuel production 
and aids materially in reducing crude oil requirements for 
the motor-fuel market. The number of gasoline plants and 
their daily capacity is given in Table I [22, 1936]. 

The areas which produced natural gasoline are coinci- 
dent with those which produced crude oil and natural gas. 
West Virginia and Pennsylvania were the initial leaders in 
production, but the leading position shifted to Oklahoma, 
California, and Texas, along with the discoveries of the 
crude oil and natural gasfields in those states. Part of 
the expansion of the industry was due to the large plants 
which were constructed at the site of the lar^c pools of 
crude oil discovered. Thus one plant now proauces 200, (XX) 


gallons of gasoline per day, a production equivalent to the 
combined capacity of some 4()0 plants operating in 1915. 

The continual expansion of the natural gasoline industry 
into such fields as recovering propane and butane for poly- 
merization processes is another step in conservation which 
brings it closer to the final goal of conserving all waste 
gases produced along with crude oil, and converting them 
into high-quality fuels. 

Table I 

Natural Gasoline Plants in US. A, 



Number 

Daily capacifv 

Year 

of plants 

(V.S. gill.) 

1936 

840 

10.033.687 

1935 

850 

9,909,797 

1934 

882 

10,241,989 

1933 

919 

10,308,354 

1932 

948 

10,536,182 

1931 

987 

10,531,511 

1930 

1,071 

9,541,320 

1929 

1,124 

8,695,727 

1928 

1,229 

7,865,652 

1927 

1,148 

6,947,264 

1926 

1,063 

5,121,000 

1925 

1,143 

4.642,561 

1924 

1,012 

3,396,961 


Source and Composition of Natural Gasoline 

Natural gasoline is extracted from natural gas. Natural 
gas which carries gasoline is usually associated with crude 
oil. Natural gasoline is composed, then, of those con- 
stituents present in crude oil which vaporize in material 
quantities under the conditions of separation of crude oil 
and natural gas, provided they are not too volatile. A con- 
sideration of crude oil analyses and the conditions under 
which crude oil and natural gas arc separated will explain 
the sources and compositions of natural gasoline. 

Natural gas may be placed in five classes, depending 
upon the method by which it is separated from crude oil. 
These five classes of gas are all processed for natural gaso- 
line and might be found in a single oilfield during its 
lifetime. 

The first classification, represented by (r/) of Fig. 1, is 
the ‘casing-head gas’ so frequently mentioned in the litera- 
ture. The gas is removed from the crude oil in the reservoir 
before the oil enters the pump which lifts the oil to the 
surface. The gas travels from the reservoir to the surface 
of the earth in the annular space between the tubing and 
the casing. In many cases the gas leaving the casing-head 
may be under a vacuum due to the suction of the com- 
pressors on the gas-line, and is therefore frequently referred 
to as ‘vacuum gas’. However, the oil and gas arc not 
necessarily separated from each other at a pressure lower 
than atmospheric, but the pressure of separation is nor- 
mally lower in these cases than in those which have no 
vacuum applied at the casing-head. The temperature of 
separation depends on the depth and geological area and 
is likely to be in the range 100-150° F. for most Mid- 
Continent fields. 

The second classification is gas which is in solution with 
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the crude oil or in the liquid state in the reservoir and is 
separated from the crude oil at the surface. If the reservoir 
pressure is high, greater than 25 lb. per 100 ft. depth, the 
wells of this type are likely to flow naturally and might be 
represented by (b) of Fig. 1 . This surface separation of the 
oil and gas is carried on in ‘separators’ or ‘traps’. The 
pressure of this separation is determined by the gas-line 
pressure and varies from atmospheric to about 75 lb. per 
sq. in. for low-pressure separations and from 150 to 400 lb. 
per sq. in. for high-pressure separations. The temperature 



Fig. 1. Diagrammatic view of subsurface conditions of crude oil 
and natural gas. 


of the separation depends on the reservoir temperature, the 
flow rate of the crude oil, and atmospheric temperature. 

The third class is gas produced from the gas phase of 
a reservoir which contains both gas and crude oil, as shown 
by (c) in Fig. 1. At the time the oil and gas reservoir is 
discovered, the gas and oil are in equilibrium at the reser- 
voir pressure and temperature. As the reservoir pressure 
declines by oil and gas production, the gas phase may lose 
some of its heavier constituents by retrograde condensation 
and the gas in contact with the crude oil is likely to change 
composition to approach the changing equilibrium condi- 
tions. Therefore the gas which is produced from these ‘gas- 
caps’ of oilfields will have a relatively constant gasoline 
content unless some separation of liquid from the gas 
occurs at the well head previous to processing of the gas for 
natural gasoline. In such cases the gasoline content will 
vafy with the temperature and pressure of this separation. 

The fourth classification is a combination of the second 
(b) and third (r), in that the well produces from both the 
gas and the oil phases of the reservoir. This class might be 
represented by (d) of Fig. 1, or by any reservoir containing 
free gas in addition to dissolved gas in contact with each 
other. If the crude oil in case (b) were saturated with gas 
at the initial conditions of pressure and temperature as it 
is when a gas-cap is present, then it will eventually change 


from a well producing gas in solution to a well producing 
both free gas and gas in solution. The free gas as it leaves 
the reservoir will have a composition depending on crude 
oil composition, reservoir temperature, and reservoir pres- 
sure. However, as both the free gas and dissolved gas are 
in equilibrium with the crude oil at the surface-separation 
conditions, the gasoline content will depend on those condi- 
tions. Gas or air-lift operations would come under this 
classification, as would the majority of the gas produced 
in fields having ‘flush’ production. 

The fifth classification is gas considered to be coming 
from a gas sand. It will have its initial composition 
throughout the life of the pool except for the retrograde 
condensation of high-boiling hydrocarbons in the sand 
with a drop in reservoir pressure, or for changes in any 
separation conditions at the surface which might be im- 
posed on the gas previous to sending it to the recovery 
plant. The gas in this class is very similar to that of the 
third class (r), for usually gas which carries gasoline and 
is present in a so-called ‘gas sand’ either is in contact with 
a small amount of crude oil or has migrated to its structural 
position after having been in contact with crude oil. 

These five classifications indicate that natural gas may 
be separated from the crude oil under various conditions 
as summarized in Table II. A knowledge of the geological 
area under consideration will narrow all ranges involving 
reservoir temperatures and pressures, and a consideration 
of any natural gasoline project would include measure- 
ments of the conditions of reservoir temperature and 
pressure. 

Table II 

Conditions of Separation of Crude Oil and Natural Gas 


Pressure range, 


Example 

range, ° f*. * 

abs. 

(a) Casing-head gas . . . > 

60-225 ’ 

5-400 

(b) Gas in solution with crude 

30-150 

12-400 

(r) Reservoir gas in contact with 
crude oil . 

80-225 

500-3,500 

(J) Mixture of free and solution gas i 

30-130 

12-400 

(e) Gas from a gas sand 

60-225 

400-3,000 


In addition to the conditions of separation the composi- 
tion of the crude oil and (or) natural gas must be known 
along with the eff ect of temperature and pressure upon the 
equilibrium separation conditions. The analysis of the 
volatile constituents present in a crude oil saturated with 
natural gas at 120^ F. and 3,000 lb. per sq. in. abs. is given 
by Table 111. When the gas has been removed from solu- 
tion until the crude has a vapour pressure of 12 lb. per 
sq. in. abs. at 120"' F., the crude would have the comix)si- 
tion shown in this table under the heading of 12 0 lb. Such 
actual crude analyses of reservoir crude taken from the 
Crescent Pool in Oklahoma was reported by Lindsly [13, 
1936], and of crude taken from the Conroe Pool, Texas, 
by Sage and Lacey [20, 1935]. 

In order to use liquid analyses in calculating vaporiza- 
tions or gas analyses and hence gasoline contents, it is 
necessary to have equilibrium between the vapour and 
liquid and to know the relationships at the conditions of 
the equilibrium. The two prerequisites for obtaining equi- 
librium are time and intimacy of contact. In the phase 
relationships between natural gas and crude oil in under- 
ground reservoirs the time element ensures a close approach 
to equilibrium between the phases. In surface separations 
in commercial oil-gas separators, the intimacy of contact 
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due to the bubbles of gas found and the agitation of flow 
provides for equilibrium. These two methods of separating 
oil and gas acxrount for most of the gas processed for 
natural gasoline. The vapour/liquid equilibrium constants 
for hydrocarbons discussed elsewhere by Brown and 
Souders [8, 1932] have proved very useful in eliminating 
the gross errors of Raoult’s law for pressures up to 500 lb. 
Experimental determinations of equilibrium constants for 
a natural gas/crude oil system up to 3,000 lb, pressure are 
to be published in the near future [19] and will provide 
accurate data representing equilibrium between crude oil 
and natural gas at the high pressures. 

The analyses of the gases which arc in equilibrium with 
the cnide oils of Table III are given in Table IV, which are 
the means of determining the equilibrium constants for the 
stated temperatures and pressures. The gallons of con- 
densate of each constituent which would be obtained by 
complete condensation of 1,000 cu. ft. of gas measured at 
14-7 lb. per sq. in. abs. and 60° F. are also given. The 
details of the analyses and conversions to gallons will be 
found elsewhere. The extreme differences in the two 
analyses are representative of extreme differences in condi- 
tions of separating crude oil and natural gas. A natural 
gas which is separated from a crude oil at 600-1,000 lb. 
per sq. in. will carry a higher concentration of methane 
and lower concentration of the less volatile components 
than the gas separated at 3,000 lb. This fact is due to the 
equilibrium constants approaching unity as the pressure 
approaches the critical pressure of the mixture. 

If 1,000 cu. ft. of the two gases given in Table IV were 
condensed, the 3,000-lb. gas would yield 3 7 gallons of 
liquid and the 12-lb. gas 24*8 gallons of liquid, both ex- 
clusive of methane. However, propane and ethane are too 
volatile to be used as gasoline, and it is seldom possible to 
include all the butanes even when making gasoline of the 
highest vapour pressure marketed. If these two gases are 

Table III 

Analysis of Typical Mid-Continent Crudes [11] 


3^000 pounds 12 0 pounds 





Approx. 



j Approx. 


Mol 

Wt. 

volume 

Mol 

Wt. 

volume 

Constituents 

% 

/o 

o / ! 

/o ' 

o/ 

/o 

% 

! ®/ 

/o 

Methane 

41-7 

70 

18-3 

0 1 

0008 

1 002 

Ethane . 

76 

2-4 

3 9 

02 

003 

006 

Propane 

64 

3 0 

4 2 

12 

026 

I 046 

Butanes . 

4 6 

2-8 

34 , 

3-3 

09 


Pentanes 

3-2 

2-4 

2-7 

4-8 

1*7 

' 2-3 

Hexanes 

Remainder of ; 

3-2 

2-9 

3 0 

6 0 

2-5 

i 3-2 

i 

crude oil 

33-3 

79-5 

644 

84-4 , 

946 

1 92 5 


Table IV 

Analysis of Gases in Equilibrium with Crude Oils 


Constituent 

Gas in equi- 
librium with 
3,000 lb. 
crude mol 
fraction 

U.S.gal. 
per 1,000 
cu. ft. 

Gas in equi- 
librium with 
12 0 lb. 
crude mol 
fraction 

U.S. gal. 
per 1,000 

CU. ft. 

Methane 

0-873 


0230 


Ethane 

0063 

1*6 

0 116 

29 

Propane . i 

00312 

09 

0216 

60 

Butanes . 1 

00137 

05 

0-220 

1 7-3 

Pentanes . | 

0 0069 

0-25 

0-104 1 

i 3-8 

Hexanes 

0 0047 

020 

0053 i 

2-2 

Heptanes and 
hMvier 

0 0055 

1 0-27 

1 

0033 

26 


considered on the basis of their content of butane-free 
natural gasoline, they will be found to contain 0-72 and 
8*6 gallons per 1,000 cu. ft. respectively. 

Natural gasoline extraction normally is regulated to re- 
move as high a percentage of the pentanes as is practicable 
for any particular case. When removing substantially all 
the pentanes the percentage of butane recovered is con- 
siderably less than that of the pentane because of the higher 
volatility of the butane, but the quantity of butane so 
recovered in the gasoline is sufficient to give the product 
a vapour pressure of 26 lb. per sq. in. Butane-fiec natural 
gasoline, containing only p)entanes and less volatile, usually 
has a vapour pressure at 100° F. of about 12 lb. per sq. in. 
Gasoline of 26-lb. vapour pressure usually contains about 
25-35 '’o of butanes. Therefore, the composition of gaso- 
line of any specified vapour pressure can be estimated 
from the composition of the natural gas from which it is 
extracted. 

The analyses of the butane-free natural gasoline pro- 
duced from the natural gases of Table IV may be computed 
by dividing the mol percentage of pentanes, hexanes, and 
heptanes by their sum to obtain the mol percentage in the 
butane-free gasoline. A similar computation using gallons 
per 1,000 cu. ft. will give the volume percentage composi- 
tion. Likewise, it is possible to predict the composition of 
gasolines of various vapour pressures by using the equili- 
brium constants or Raoult’s law to indicate the quantity 
of butane required to bring the pentane and less volatile 
(heavier) portion up to the desired vapour pressure. The 
gasoline will consist of that quantity of butane and sub- 
stantially all the pentanes, hexanes, &c. 

A ‘rule of thumb’ method of estimating the liquid 
volume composition of average natural gasolines from the 
Mid-Continent fields is that the hexanes equal 50% of 
the pentanes, the heptanes equal 50% of the hexanes, and 
the octanes and heavier equal the heptanes. This rule along 
with the other approximations, that 26 0-lb. vapour-pres- 
sure gasoline usually contains 25-35% of butanes, and that 
substantially butane-free gasoline has a vapour pressure of 
12*0 lb., will give a rough method of approximating the 
composition of natural gasoline of any vapour pressure 
as produced directly without removal of any intermediate 
constituents. 

This ‘rule’ is supported by a study of crude oil analyses 
and the equilibrium constants for the ranges of temperature 
and pressure at which vaporization of the natural gasoline 
constituents occurs. Most crude oils contain slightly less 
pentane than hexane and have about equal hexane and 
heptane quantities. There are many exceptions to this 
generalization, but for those crudes which provide the bulk 
of the natural gasoline in the Mid-Continent the relation- 
ship is fairly reliable. The ratios of the equilibrium con- 
stants at the low-pressure surface-separation conditions are 
of the order of 5 to 2 to 1 for pentanes, hexanes, and 
heptanes. Therefore, the ratio of 4 to 2 to 1 for the pentane, 
hexane, and heptane in natural gasoline is quite logical 
because the pentane concentration in the crude is less than 
the hexane or heptane, and because complete extraction is 
not always obtained for the pentanes, while the hexanes 
and heavier arc usually almost completely extracted from 
the gas. 

The percentages of the various constituents have been 
given as pentanes, hexanes, &c., with no reference to 
whether they were normal paraffins or isomeric com- 
pounds. It should be mentioned that substantially all the 
hydrocarbons having 5 or less carbon atoms which arc 
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present in crude oil are paraffin hydrocarbons within the 
limits of accuracy of the analyses used. Iso-butane is pre- 
sent in the butanes to the extent of about 20-30% of the 
total butanes. Iso-pentane is always present and may vary in 
the range 25-60% of the total pentanes with 30% as an 
average value. These constituents are normally identified 
in the usual fractional analysis, but due to the lower order 
of accuracy of separating the closer boiling compounds, 
and due to a minor interest, until recently, published values 
arc often given as total pentanes or total butanes. In 
analysing for the hexanes and heptanes, isomers are found 
to be present in the same order of magnitude as normal 
paraffin compounds, but are not usually reported due to 
difficulties of separation. In the hydrocarbons having 6 
carbon atoms or more, ring compounds may be present. 
Benzene has been found in small quantities in Mid-Con- 
tinent natural gasoline but, excepting special considera- 
tions, natural gasoline may be considered as having the 
properties of paraffin hydrocarbons. 

No emphasis was made of the quantities of compounds 
present of higher molecular weight than octanes. In the 
normal low-pressure vaporization process the volatility of 
the compounds decreases rapidly with increasing molecular 
weight and, because their concentration in the crude oil is 
not higher than pentanes or hexanes, the quantity vaporized 
will taper off rapidly also. However, in those cases where 
vaporization occurs under pressures of 1,500-3,000 lb. 
y)cv sq. in. a different condition exists. At these high pres- 
sures the volatility of the higher molecular weight com- 
pounds is very much increased due to the approach to the 
critical pressure of the mixture. Therefore, relatively high 
concentrations of compounds boiling from 300 to bOO"" F. 
may be present in vapours separated from crude oil at high 
pressures. As previously mentioned, gases of this nature 
may be subjected to a separation process at the surface of 
the earth and a liquid obtained by retrograde condensation 
occurring with the decrease in pressure. In those cases the 
natural gas carries material quantities of hydrocarbons of 
a boiling range too high to be used for natural gasoline. 

Estimation of Natural Gasoline Reserves 

Natural gasoline reserves are a primary consideration for 
any natural gasoline plant or project. Under the heading 
of reserves might come the ultimate production from a 
given oil-pool or portion thereof, the gasoline content of 
the gas, and the rate of production. Inasmuch as natural 
gasoline is produced in conjunction with natural gas or 
crude oil, its rate and quantity of production will be closely 
associated with the crude oil and natural gas industries. 
Any one interested in natural gasoline reserves must also 
consider reserves of crude oil and gas. 

The first consideration of natural gasoline reserves for 
an oilfield or portion thereof is the source of supply of the 
natural gas from which the gasoline is to be extracted. 
The geology and reservoir condition are necessary for 
answering this question and showing which of the classes 
of gas mentioned previously will be the source of the 
natural gasoline. Once the source is known, the composi- 
tion of the gas or crude oil along with the quantity present 
will indicate possible reserves of gasoline. Then definite 
operating conditions will set the reserves for that condition. 

A discussion of the several classes of gas mentioned 
earlier will indicate the methods used for estimating natural 
gasoline reserves. The simplest case is that in which the 
gas carrying the gasoline comes from a gas sand or forma- 
tion containing a negligible quantity of crude oil. A careful 


analysis of this gas or standard methods of obtaining gaso- 
line content will give the gallons of natural gasoline which 
may be extracted per 1,000 cu. ft. of gas. The problem, 
then, is to determine the quantity of natural gas present in 
the geological structure under consideration. 

There are two methods by which the natural gas reserves 
may be obtained. The first of these is a pressure-drop 
volumetric withdrawal method. It assumes a constant 
volume reservoir and calculates the total connected volume 
of the reservoir which contains gas and thereby the amount 
of gas present. For example, if a reservoir pressure dropped 
from 1,000 to 950 lb. per sq. in. abs. for a given gas pro- 
duction, the gas having a density of 0 65 and the reservoir 
a temperature of 130° F., the standard cu. ft. of gas present 
in 1 cu. ft. of reservoir pore space will be: 

(at 1,000 lb.) 


ro(460 -| 60) />(1,000) 1 

r(460 1-130) i>o(14*7) 

RT 

(at 950 lb.) 


66*3 cu. ft. 


460 1*60 950 ^ 1 

■ 460+130 ^ 14-7 ^ 0-91 


62-7 cu. ft. 


The deviation of gases from ideal gases, PVjRT, is an 
important item in some cases and the value used was taken 
from Katz [12, 1936], who used the data of Sage, Lacey, 
and Schaafsma [21, 1934]. The difference between 66-3 
and 62-7 or 3-6 cu. ft. of gas is the quantity of gas 
which was evolved by each cu. ft. of connected reservoir 
space. The natural gas produced from the pool divided by 
3 '6 gives the volume of the reservoir pore space, and when 
multiplied by 62-7 gives the gas present in the reservoir at 
950 lb. pressure. The important considerations of this 
method are that gas-well pressures are measured at the 
surface and should be corrected for the head of the gas in 
the well to give the reservoir pressure. Also, equalization 
of pressure in the connected reservoir may be slow due to 
tight sands. 

The other method of obtaining gas reserves is to find the 
volume and porosity of the sand containing the gas and 
then with temperature, pressure, and deviations from the 
ideal gas laws calculate the quantity of gas reserve. The 
volume of the sand is taken from geological data and 
the porosity must be measured on cores taken from several 
wells drilled in the field. Porosities will likely be in the 
range of 12-25% of the sand volume. The method must 
assume either that no liquid or a definite quantity of crude 
or water is present in the pore space. Gas reserves are 
usually reported as the gas which would be produced when 
the reservoir pressure drops to some low pressure such 
as 1(X) lb. per sq. in., below which it is often considered 
uneconomical to recover the gas. 

In estimating the gasoline reserves for the gas which is 
dissolved in crude oil, the crude oil present must be esti- 
mated. The methods of estimating crude reserves include 
(1) that based on sand volume and porosity, (2) that based 
on the rate of decline of production of crude oil, and 
(3) that based on reservoir pressure drop and volumetric 
withdrawal [12, 1936]. These methods give the initial 
quantity of crude with dissolved gas which is present. An 
analysis of the crude or initial operating gas to oil ratios 
will give the quantity of gas present per barrel of crude oil 
either at the surface or in the formation. Although all the 
crude oil initially present is not produced, most of the dis- 
solved gas will be brought to the eartlTs surface if the 
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reservoir pressure drops upon crude production. Therefore 
the initial crude present in reservoir times the dissolved 
gas gives the natural gas to be produced. Gasoline reserves 
can then be estimated from the gasoline contents of the 
gas which vary over the life of the pool. 

In the other three classes of gas the same or similar 
considerations will give the quantity of gas and gasoline to 
be produced from any pool. Because of the difficulties in 
obtaining many of the above data, the estimation of the 
reserves often requires many assumptions which are based 
on past experience. Also it is noted that these methods 
often require a certain quantity of crude oil or gas pro- 
duction in order to estimate the quantity remaining in the 
reservoir. The complete proving of a pool by the drill is 
often awaited in contemplating natural gasoline plants. 
The larger natural gasoline plants of the present day are 
constructed after reserves of crude oil and natural gas 
are proved and thus are able to operate under the smaller 
margin of profit given by present economical conditions. 

Gasoline contents of natural gas play an important part 
in gasoline reserves and have received considerably more 
attention in the industry than the foregoing relationships of 
oil and gas reserves. Present practice is to analyse the gas 
being produced in the initial stages of development of a 
pool by charcoal adsorption tests [9; 18, 1924], by com- 
pression test-car tests [7, 1925], or by fractional analyses 
of the gas described elsewhere. 

The charcoal adsorption test consists of passing a 
measured quantity of natural gas through 250 c.c. of 
activated charcoal to adsorb the natural gasoline con- 
stituents. The charcoal is carried to the laboratory in the 
adsorption tube, placed in a flask along with some mercury, 
and heated. The heat transferred by the mercury distils 
the natural gasoline adsorbed and the vapours are con- 
densed at 32^ F. The distillate collected is warmed to 
60"" F. and the volume measured and reported as gallons 
per 1 ,000 cu. ft. of natural gas tested using charcoal process. 

The compression method consists of compressing a 
measured quantity of gas to a pressure in range of 50- 
250 lb. and cooling the compressed gas to give a conden- 
sate. The apparatus used is a compressor mounted at the 
rear of a motor-car with a power take-off from drive shaft 
to compressor. The compressed gas is cooled at 32' F. and 
the condensate is weathered to 60' F. before measuring the 
quantity of liquid. These gasoline contents arc likewise 
reported as gallons per 1,000 cu. ft. using compression or 
‘test-car’ process. 

These two tests are widely used for determining gasoline 
contents used in gas-purchase contracts and are an im- 
portant factor in estimating gasoline contents for new 
plants. However, because of the nature of the tests, only 
a partial separation is made of propane, &c., from the 
natural gasoline condensed and of pentanes, hexanes, &c., 
from vapours uncondensed. In cases of unusual propane 
and butane contents or on low gasoline contents these 
methods are very unreliable in predicting plant yields. 
However, the long experience with the test methods have 
shown most discrepancies which may arise, and ‘plant 
factors’ are used to convert these gasoline contents to 
actual plant yields. In general, ‘plant factors’ run from 
one to two when considering the 26-Ib. vapour-pressure 
product as the plant product, and are estimated from the 
gravity of the gas and gasoline content reported. 

L. S. Gregory [10, 1935] has developed an improved 
compression or lest-car method of obtaining gasoline con- 
tents for use in estimating plant yields. He has added a 


fractionating column which may be used to fractionate the 
condensate obtained by compression using solid carbon 
dioxide as the cooling medium. The gases propane and 
lighter are removed by fractionation from the condensate, 
the butanes are fractionated off and measured, and the 
butane-free natural gasoline remains to be measured and 
tested. 

The low-temperature fractionation of natural gases gives 
the gasoline contents as previously described. The method 
is rather expensive for routine tests, but is very useful in 
estimating plant yields to be obtained from a natural gas. 
The analyses show not only the natural gasoline, but allow 
the calculation of the quantities of ethane, propane, and 
butanes to be recovered along with the gasoline. In con- 
junction with gas analyses, analyses of crude oil for the 
natural gasoline constituents as shown in Table III are very 
useful. Crude oil analyses, natural gas analyses, equili- 
brium constants, and a knowledge of the separation condi- 
tions can be used to calculate the gasoline contents for 
the various methods of vaporization or separation of crude 
oil and natural gas which will lake place over the life of 
the pool. This method has the advantage of being able to 
calculate effect of changing pressures or temperatures of 
separation on the gasoline content and allows the calcula- 
tion of separations which are difficult to accomplish experi- 
mentally. 

The effect of temperature and pressure on the gasoline 
content of gas separation from crude oil at the well head 
in a regular oil-gas separator is an important factor in pre- 
dicting gasoline reserves. If gasoline contents arc measured 
by charcoal tests or by fractional analyses, the pressure and 
temperature should be known. The gasoline contents will 
decrease with increasing pressure on the separator and with 
decreasing temperature, as would be shown by an inspec- 
tion of the equilibrium constants. If gasoline contents are 
measured in the summer and the rate of flow of the well 
is low, the gasoline content in the winter will be consider- 
ably lower. The calculating of contents for various pres- 
sures and temperatures shows the effect which all possible 
variations of conditions can bring about. Fig. 2 shows a 
typical single-stage separation and the results of separating 
crude oil of the indicated composition (reported by Lindsly) 
[13, 1936] at 75 lb. per sq. in. abs. The separated crude oil 
having a vapour pressure of 75 lb. per sq. in. at the separa- 
tion temperature is then allowed to vaporize further at 
atmospheric pressure in the crude oil stock tank with the 
results as indicated. 

The gasoline present in the separator gas is dependent 
upon the separator pressure, increasing the pressure up to 
500-600 lb. per sq. in. decreases the gasoline content. How- 
ever, one factor which is often overlooked is the natural 
gasoline which is vaporized from the crude oil as it enters 
the crude oil stock tank. Fig. 3, based on similar crude, is 
a plot of the natural gasoline evolved from the separator 
(curve 1). The natural gasoline evolved from the crude oil 
stock tank at atmospheric pressure (curve II), and the total 
natural gasoline vaporized from a barrel of crude oil 
(curve III), is a function of the pressure on the separator. 
A minimum total vaporization in this case occurs at about 
140 lb. per sq. in. abs. 

If the gasoline content of the gas from the separator is 
plotted as a function of separator pressure, the curve would 
be similar to curve I of Fig. 3. But such a curve could not 
be used directly for computing the quantity of natural 
gasoline evolved in the separator as the quantity of gas 
varies with separator pressure. 
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The ultimate reserves of natural gasoline in an oil-pool 
or gas-pool are an integrated product of the gas to be 
produced and the gasoline content of the gas. Frequently 
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results of one field arc used by the ‘rule of thumb’ opera- 
tions in the industry, to predict reserves of a new field, 
often using the same number of gallons of natural gasoline 
per barrel of crude oil produced. Comparisons of this type 
are absolutely unreliable unless the gas 
is of the same classifications in the two 
cases and the crudes contain sub- 
stantially the same concentrations of 
butanes, pentanes, and hexanes. 


plant rather than an amount based on a content test. The 
average selling price of 26-lb. vapour-pressure gasoline 
during 1935 in the Mid-Continent was 3-3 cents. 

As the gasoline manufacturer 
collects the gas and returns residue 
to the crude producer, a natural 
gasoline plant is considered as a 
gathering system, extraction system, 
residue lines, and gasoline stabiliza- 
tion or finishing equipment. Roughly 
one-half of the investment is in field 
lines and equipment for a normally 
distributed source of gas. 

The oil-absorption process operat- 
ing at pressures in the range of 30- 
500 lb. per sq. in. accounts for most 
of the production in the United 
States. The normal operation of a 
plant over the life of an oilfield 
consists of allowing the gas to come 
to the absorption system under its 
own pressure, then adding com- 
pressors to increase the capacity of 
the lines when the gas volumes 
exceed the capacity of the lines 
originally provided, and finally using 
compressors to raise low-pressure 
casing-head or separator gas to the 
desired extraction pressure. A com- 
plete discussion of the absorption 
process for gasoline recovery is given elsewhere (Barton). 
In addition to absorption plants, compression or combina- 
tion compression plants are used. In case the residue gas 
is to be compressed for transmission, it is simpler to 
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Natural Gasoline Plants 

In addition to determining natural 
gasoline reserves on a pool the con- 
tractual relations between the crude 
oil operator and the natural gasoline 
manufacturer must be satisfactory 
before the plant is constructed. In 
cases of unified ownership of crude 
or gas production this matter is 
simplified, but the bulk of the crude 
production in the United States is by 
diversified ownership of leases. The 
gasoline manufacturer contracts to 
meter and collect the natural gas from 
the crude oil-natural gas separation 
system, to return residue lean gas to 
the crude producer for fuel, and to pay 
a portion of the selling price of the 
gasoline extracted. Standard contracts 
have been prepared by the Natural 
Gasoline Association of America [14]. 

The crude producer receives about 15-30% of the selling 
price of the gasoline, getting a higher price for higher gaso- 
line content gas based on a standard test such as the com- 
pression test car. In some cases the sellers of the natural 
gas receive a portion of the gasoline manufactured by the 
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remove part of the gasoline by this process and then 
remove the uncondensed gasoline by an oil-scrubber. 
Residue gas from a compression plant often contains 
0-4-0-5 gal. per thousand, and oil-absorption plants have 
been built to process 0*3 gal. per thousand natural gas. 
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A new method of recovering natural gasoline has been 
introduced in the past few years, high-pressure direct frac- 
tionation of the gas itself. At pressures above 200 lb., 
propane and butanes can be refluxed in a fractionating 
column using cooling water for condensation. Natural 
gases which contain enough propane, butane, and natural 
gasoline to give a condensate at these conditions of tem- 
perature and pressure and contain enough propane and 
butane to give the residue gas a dew-point at the conditions 
at the top of the fractionating tower without requiring 
pentane to be present can be treated advantageously in this 
manner. Only gases containing of the order of 50% or 
more of ethane and heavier are suitable for this process. 
The fractionating column takes the residue gas with as little 
pentane as possible overhead and the natural gasoline with 
as little propane as possible as kettle product. In those 
cases in which propane and butane are desirable for poly- 
merization feed stock the recovery of those constituents 
may be included along with the natural gasoline. 

In normal extraction processes, except direct fractiona- 
tion, the raw gasoline produced contains the equilibrium 
amounts of propane, ethane, and methane which were 
extracted by virtue of their presence in the gas and their 
equilibrium distribution between the vapour and liquid. 
A portion of these volatile gases may be separated by 
venting the gases and reabsorption of the gasoline present. 
However, the major separation is carried on in fractionating 
columns called stabilizers. The normal procedure is to 
fractionate substantially all the methane, ethane, and pro- 
pane from the gasoline and that portion of the butanes 
which will leave the desired vapour-pressure product. A 
more detailed discussion of these extractions and stabiliza- 
tion processes will be found under separate titles. Fol- 
lowing the fractionation equipment, it may be necessary to 
sweeten the product in a manner similar to refining gaso- 
line. The commercial products made are listed in Table V. 
The plant will make whatever product is to be sold, but 
in general will make lower vapour-pressure gasoline in 
spring and summer and the higher vapour-pressure gaso- 
lines in winter. The plant storage is generally pressure 
storage, and the bulk of the gasoline produced is moved to 
market by rail, boat, or pipeline shortly after production. 
In the loading of cars or boats, a vapour-recovery system 
removes hazard of fire and prevents losses of gasoline. If 
large quantities are to be stored, the lowest vapour-pressure 
gasolines are made and stored in standard 55,000-bbl. tanks 
equipped with vapour-recovery systems or floating roofs. 

Special products are made by natural gasoline plants and 
will be treated as such. 

Table V 

Official Specifications and Testing Methods for 
Natural Gasoline. Effective 1 January 1932 

Natural gasoline is a liquid petroleum product consisting of the 
heavy hydrocarbons extracted from natural gas by such means as 
compression, absorption, and other processes. 

Natural gasoline is defined further for commercial purposes by 
the following specifications : 

1. Reid vapour pressure — 10-34 lb. 

2. Percentage evaporated at 140" F. — 25-85. 

3. Percentage evaporated at 275" F. — Not less than 90. 

4. End point — Not higher than 375" F. 

5. Corrosion — Non-corrosive. 

6. Doctor test — Negative, * sweet*. 

7. Colour — Not less than plus 25 (Saybolt). 

In addition to the above general specifications natural gasoline 
shall be divided into 24 possible grades on a basis of vapour pressure 
and percentage evaporated at 140" F. Each grade shall have a range 


in vapour pressure of 4 lb., and a range in the percentage evaporated 
at 140" F. of 15%. The maximum vapour pressure of the various 
grades shall be 14, 18, 22. 26, 30, and 34 lb. respectively. The 
minimum percentage evaporated at 140" F. shall be 25, 40, 55, and 
70 respectively. Each grade shall be designated by its maximum 
vapour pressure and its minimum percentage evaporated at 140" F., 
as shown in the accompanying table. 

Grades of Natural Gasoline 
Percentage evaporated at 140" F. 

25 40 55 70 85 


34- 

30 

Grade 34-25 

Grade 34-40 

Grade 34-55 

Grade 34-70 


Grade 30-25 

Grade 30-40 

Grade 30-55 

Grade 30-70 


Grade 26-25 

Grade 26-40 

Grade 26-55 

Grade 26^-70 

18 

Grade 22-25 

Grade 22-40 

Grade 22-55 

Grade 22-70 

14 

Grade 18-25 

Grade 18-40 

Grade 18 55 

Grade 18 70 

10- 

Grade 14-25 

Grade 14-40 

Grade 14-55 

Grade 14-70 


Testing Methods 
Reid Vapour Pressure 

Same as A.S.T.M. Method D. 323-31 t. 

Corrosion Test 

Same as A.S.T.M. Method D. 130 30. 

Colour Test 

Same as A.S.T.M. Method D. 156-23 r. 

Distillation Test 

Same as A.S.T.M. Method D. 216-32 t. 

Complete description of apparatus can be found in 1932 standards 
of the American Society for Testing Materials, obtainable from the 
Society at 1315 Spruce Street, Philadelphia, Pa. 

Utilization of Products 

The primary use of natural gasoline is blending with 
refinery products to make motor fuel. However, in addi- 
tion to regular motor fuel several special fuels and products 
come from natural gasoline plants, such as airplane fuels, 
solvents, polymerization feed stocks, and the liquefied 
petroleum gases. 

Blending to make motor fuel from refinery gasoline and 
natural gasoline is controlled by three primary charac- 
teristics or specifications of the products: volatility, octane 
number, and vapour pressure. The volatility or extent to 
which a fuel will vaporize under any stated conditions is 
measured by the Engler or A.S.T.M. (American Society for 
Testing Materials test D. 8b-35) distillation of the gasoline. 
Such points as 10, 30, 50, or 90';; evaporated have been 
shown to have relationships to other properties or per- 
formance of the motor using the fuel. The octane number 
is determined by a test motor such as specified by the 
A.S.T.M. D. 357-34, and is related to detonating charac- 
teristics of the fuel for various compression pressures and 
temperatures. The vapour pressure as measured by the 
Reid vapour-pressure bomb, A.S.T.M. D. 41 7-35 t, repre- 
sents the tendency of the fuel to form vapour. Vapour 
pressure is also related to the first portion of the distillation 
curve and may be estimated therefrom. The vapour pres- 
sure is related to the losses sustained in handling and 
‘vapour lock’ in actual use in motor-cars. These three 
characteristics of pure hydrocarbons present in natural 
gasoline arc given by Table VI. 

The volatility of a motor fuel or of natural gasoline 
includes the entire distillation curve. Typical distillation 
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curves arc shown in Fig. 4, from the data of Trimble portions, by a few points such as the 10, 50, and 90% 

[23, 1933]. Other properties of the three fuels are shown points. Therefore, the temperature for any percentage eva- 

by Table VTI. porated on the distillation curve may be us^ as a measure 

The A.S.T.M. distillations on mixtures of materials such of the temperatures over a range on the A.S.T.M. distilla- 

as gasolines may be defined, except the initial and final tion. This fact has made it possible to relate certain charac- 
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Fig. 4. Typical distillation curves. 


Table VI 

Properties of Natural Gasoline Hydrocarbons 


Compound 

i 

Octane no. \ 
A.S.T.M. 
[151 

/>. 357-33 T 

Gravity, 
^API. at 
60^ F. 

Vapour 
pressure at 
lOO'^ F. lb. 
per sq. in. 
abs. 

Boiling- 
point at 
760 mm. 
_Hg, F. 

Propane 

125 

146-5 

187 

-44 1 

Iso-butane 

99 

119-1 

73-7 

i +10-0 

rt-Butanc 

91 

110 6 

' 52-2 

+ 30 9 

Iso-pentanc . 

90 1 

95 0 

20-4 

82-4 

/i-Pentanc 

64 

92-7 

15 6 

i 96-8 

/i-Hcxane 

31* 

81 6 

49 

1557 

n-Hcptane 

1 0 

76-4 

16 

1 209-1 

Iso-octane 

100 

71-8 


1 210-7 


* By interpolation. 
Table VII 

Properties of Gasolines 


Gasoline 

^API. 

Reid 1 
vapour j 
pressure 
lb. per 
sq. in. 

Octane no. 

C.F.R. 

\ A.S.T.M. research 

Natural gasoline . 

88-8 

252 

79- 1 

76-5 

Gasoline C . 

60-5 

6-6 

55-4 

53-5 

Blend of C and Natural 

65-5 

11*7 ! 

60-7 

61 5 


teristics of performance of fuels with a definite percentage 
evaporated for most gasolines. 

Investigations made for the Natural Gasoline Associa- 
tion of America [3, 4] developed many relationships 
between volatility of motor fuels and their performance in 
motor-cars, which were summarized as follows in 1930: 

‘The ease with which a motor will start, the length of 
time required to warm it up, and the character of its 
general performance are almost wholly dependent upon 
the volatility of the fuel as indicated by the A.S.T.M. 
distillation curve. The 10-per cent point is related to 
the lowest engine temperature at which satisfactory 
starting may be obtained and the lowest mixture tem- 
perature at which the car may be operated. The 35-per 
cent point is related to the lowest mixture temperature 
at which satisfactory performance may be obtained 
during the warming-up period and therefore determines 
the length of time necessary to warm up the motor. The 
65-per cent point is related to the lowest mixture tem- 
perature at which perfect performance can be obtained. 
For these reasons the 10-, 35- and 65-per cent points 
should be low to insure satisfactory starting, warming- 
up, and general performance. The 90-per cent point, 
however, should not be so low as to indicate a dry 
mixture, for this means loss in power or acceleration 
with many modem cars equipped with heated manifolds 
and accelerating devices. The vapour pressure of the 
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fuel or the 10-per cent point should not be so low as to 
indicate trouble from vapour-lock. 

‘The relations developed in this Bulletin make it pos- 
sible to determine the volatility characteristic of a fuel 
for any desired engine performance.’ 

The general relationship between ease of starting a motor 
and the 10% point on the A.S.T.M. curve is, as expected, 
that the more volatile gasoline which has a lower 10% 
point will start at lower engine temperatures. Within the 
limits of ordinary motor fuel satisfactory starting should 
be obtained if the 10 ^/o evaporated point is less than or 
equal to the expression: 1*2 (lOO-fengine temperature in 
® F.). If the motor will start satisfactorily, it may be kept 
running by the proper use of the choke. 

Shortly after starting the motor, or in the warming-up 
period, it is desirable to discontinue the use of the choke 
and still have satisfactory performance. The volatility of 
the fuel which will ensure satisfactory performance under 
these conditions is related to the middle part of the 
A.S.T.M. curve as represented by the point. 

Choke may be dispensed with when the mixture tem- 
perature reaches about one-half the temperature in ° F. of 
the 50% point. Ordinarily satisfactory performance may 
be obtained without use of the choke within a few moments 
after starting, the actual delay depending on the warming- 
up characteristics of the car, if 50% A.S.T.M. temperature 
in ° F. = 1 60 -f- atmospheric temperature. 

If the choke is to be used at a fixed setting during the 
warming-up period, fairly satisfactory operation may be 
obtained when the 35% point on the A.S.T.M. distillation 
is less than 100-f 1*3 mixture temperature F., which corre- 
sponds approximately to 1 90+ atmospheric temperature °F. 

The best operation of a motor with accelerating well and 
heated manifolds under steady driving conditions is ob- 
tained by having approximately 70% of gasoline vaporized 
in the mixture in the manifold. This requirement may be 
stated in terms of volatility as follows: A mixture tem- 
perature in ® F. approximately equal to one-half the 70% 
evaporated temperature on the A.S.T.M. distillation will 
give perfect performance in most cases. Also, if complete 
vaporization is undesirable, as when using heated mani- 
folds and accelerating devices, the 90% point cannot be 
too low. It should be high enough to ensure the presence 
of liquid, but low enough to give complete combustion in 
cool motors. 

Later work on the effect of using more volatile fuels 
[6, 1936] allowing the use of lower mixture temperatures 
indicated increases in power comparable with increases in 
power obtained by increases in octane number. A lowering 
of the mixture temperature of 50'' F. made possible by 
using more volatile fuels gave an increased power equi- 
valent to an increase in octane number of 25 units, provided 
proper motor adjustments are made in both cases. The 
realization of the above advantages and the increased pro- 
duction of vapour-recovery gasoline at refineries has caused 
a definite trend of increasing volatility of motor fuels in 
the United States. 

The blending of natural gasoline with refinery straight- 
run or cracked gasoline provides the more volatile fuels 
which have the superior properties. The blending of a 
natural gasoline and a refinery product to make a motor 
fuel of specified volatility is easily predicted. If complete 
separation of the various boiling-point hydrocarbons were 
obtained by the A.S.T.M. distillation, the percentage eva- 
porated at any temperature for the blend Would simply be 
the percentage evaporated for component A times the frac- 


tion of A in the blend plus the percentage evaporated of 
component B times its fraction in the blend. However, due 
to inefficient fractionation by the distillation, particularly 
at temperatures below about 210'' F., it is necessary to 
apply a correction as shown in Fig. 5 to the percentage 
evaporated when calculated in this manner [4]. For ex- 
ample, if a blend is to be made of the natural and refinery 
gasolines shown in Fig. 4 using 25% by volume of natural 
gasoline and 75% of refinery, the A.S.T.M. of the curve 
may be found as follows: At 120° F. the percentage 
evaporated on blend will be 0-25 X 67+0*75 X 2-5 = 18*5%, 



CALCULATED PERCENTAGE VAPORIZED 

Fig. 5. Correction chart for calculated "o evaporated on A.S.T.M. 
curve of blends. 

which corrects to evaporated for the blend at 120° F. 
Likewise, at 200° F. the percentage evaporated on the blend 
will be 0-25 X 91*5 + 0*75 X 28-8 ---- 44*5, which corrects to 
42% for the blend. Thus the experimental curve of the 
blend shown by the figure may be calculated with an 
accuracy approaching experimental in many cases. The 
calculation does not include the first and final portions of 
the curve, but it has been shown that the 10% and 90% 
points are sufficiently accurate for predicting terminal pro- 
perties. 

In referring to gasolines of varying degrees of volatility, 
it is highly desirable to have a single number by which the 
volatility could be identified. Oberfell and Alden [17, 1933] 
have suggested such a measure of the volatility of motor 
fuels in their Volatility Index, They define Volatility Index 
as 284° — ° F. of 50% point on A.S.T.M. distillation curve. 
The 284° F. was chosen because it is the specified 
maximum 50% point on U.S. motor gasoline which was 
arbitrarily given a volatility index of zero, as less volatile 
fuels are seldom marketed. A fuel having a 50% point at 
219° F. as shown in Fig. 4 would have a volatility index 
of 284— 219 — 65. This use of a single number to indicate 
volatility is advantageous and is found to indicate rather 
clearly the volatility of the gasolines which are made by 
refinery and blending practices as parallel as those of the 
majority of manufacturers in the United States. 

In making blends it is necessary to consider vapour 
pressure and octane number along with the volatility. 

The Vapour Pressure specifications of motor fuels are 
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regulated to give gasolines which will not lose excessive 
amounts by evaporation in transit from refinery to the en- 
gine cylinder and which will not cause vaporization in the 
automobile fuel system to the extent that the fuel-hand- 
ling system will not provide fuel for operation of the motor. 
The actual vapour pressures used for motor fuels vary from 
about 8 to 14 lb., depending upon atmospheric tempera- 
tures, altitude, and conditions. Refinery gasolines vary 
from a low figure of about 3-lb. vapour pressure up to the 
8-14 lb. used as motor fuel. Low vapour-pressure products 
may be raised to the above vapour pressures by blending 
with natural gasolines or with vapour-recovery gasoline. 

The effect of high vapour-pressure gasolines on vapour 
locking in the automobile fuel system has been frequently 
discussed [5, 1934], and the automobile manufacturers are 
studying the problem of allowing more volatile fuels with- 
out vapour lock. Present recommendations are that the 
Reid vapour pressure, A.S.T.M. method D. 417-35t, of 
fuels as delivered to the fuel tank of the vehicle for use at 
a maximum atmospheric temperature of 100° F. should not 
exceed 8 lb.; at a maximum atmospheric temperature of 
85° F. should not exceed 10 lb.; and at a maximum atmo- 
spheric temperature of 75° F. should not exceed 12 lb. 
[5, 1934]. The improvement in fractionation in gasoline 
plants to eliminate propane and iso-butane from gasoline 
has allowed the use of more normal butane or of more 
natural gasoline in a blend. This step, along with improved 
design of fuel systems, has given value to butane which 
otherwise would have been wasted and now can be included 
in greater concentrations in motor fuel without causing 
vapour lock. 

The A.S.T.M. method D. 417-35 t of obtaining vapour 
pressure, known as the Reid method, determines the 
vapour pressure at lOO*" F. when the vapour space is equal 
to 4 times that of the liquid. In cases where only small 
portions of all constituents present in measurable quantities 
are vaporized in the procedure, the Reid vapour pressure 
is comparable to the absolute air-free vapour pressure of 
the gasoline. 

Absolute vapour pressures of gasolines at ordinary tem- 
peratures may be calculated by Raoult’s law and the com- 
position of the gasoline with a reasonable accuracy because of 
the low pressures encountered and no constituents are near 
their critical temperature. The sum of mol concentration 
times the vapour pressures of the pure constituents gives 
the vapour pressure of any mixture. For natural gasolines, 
low-temperature fractionations may be used to obtain the 
analyses through hexanes or heptanes with determination 
or arbitrary assignment of properties of the residue. For 
motor fuels or refinery products, the low-temperature 
analysis of butane and pentane present may be made and 
the remainder analysed by distillation. A knowledge of the 
analyses of two materials to be blended would allow 
the calculation of the percentages required to give any 
vapour-pressure product. 

A relationship has been devised between the A.S.T.M. 
distillation of both motor fuels and natural gasolines and 
the percentage of the lighter hydrocarbons present; pro- 
pane, butane, pentane, and hexane [2, 1933]. These rela- 
tionships might be used to obtain the analyses of the two 
materials to be blended. The analysis of any percentage 
blend, then, could be calculated and the vapour pressure 
estimated from this analysis. However, the Reid vapour 
pressures of blended motor fuels may be most satisfactorily 
estimated by using the relationship of Trimble and Richard- 
son [24, 1935] on the calculated A.S.T.M. curve of the 
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blend. They related the 5% and 20% evaporated tempera- 
tures to the Reid vapour pressure as shown by Fig. 6. The 
vapour pressure of the blend of Fig. 4 and Table VI as 
given by this nomograph is 11-6 lb. as compared with the 
experimental Reid vapour pressure of 1 1 *7 lb. 

The Octane Number of motor fuels has gone through 
a transition of standards for testing, and it is somewhat 
difficult to correlate data over a period of time because of 
these differences. The present accepted method is the 
A.S.T.M. test D. 357-34 t, using the Co-operative Fuel 
Research (C.F.R.) engine, and is similar to the C.F.R. 
motor method. The C.F.R. research method differed from 
this method in various details such as speed of motor. The 
octane numbers of some pure hydrocarbons [15, 1934] 
present in natural gasoline are given in Table VI using the 
A.S.T.M. D. 357-33 T method. In general the A.S.T.M. 
method of obtaining octane number on natural gasolines 
gives higher values [23, 1933] than the C.F.R. research 
method, although the opposite is true for many motor 
fuels. The volatile hydrocarbons which are objectionable 
from a vapour-pressure standpoint have high octane num- 
bers. This is especially true for the isomeric compounds. 
Therefore, natural gasolines would be expected to have 
high octane numbers and materially raise the octane num- 
ber of refinery straight-run gasolines upon blending. 

A relationship between octane number and Reid vapour 
pressures was presented by Alden [1, 1932]. His data arc 
shown graphically by Fig. 7. The octane numbers pre- 
sented are by the C.F.R. research method and would in 
general be slightly lower than the A.S.T.M. D. 357-34t 
method. The higher vapour-pressure gasolines have the 
higher octane number b^use of the high concentrations 
of butanes present. Twenty-six-pound gasolines have 
octane numbers of 77-8, while 12-lb. gasolines have octane 
numbers of 66-8. 

The resultant octane number when blending a natural 
gasoline with a refinery product is of equal importance to 
its original octane number. Also the effect of the tetra-ethyl 
lead (T.E.L.) requirement to bring a fuel up to some 
standard number, such as 70 or 76, is of imix)rtance when 
using natural gasoline blends. If straight-line relations held 
when blending two materials of known octane number, it 
would be a simple matter to multiply the percentage of 
each component by its octane number and add the numbers 
to give the octane number of the blend. This method gives 
an approximation which might be fairly good, as in the 
case of the blend represented by Table VI and Fig. 4. The 
octane number of the natural gasoline is given as 79 1 by 
the A.S.T.M. method and 76-5 by the C.F.R. research 
method. Fig. 7 would give a C.F.R. research number of 
77 based on the Reid vapour pressure. The base refinery 
fuel has an A.S.T.M. octane number of 55-4. The sum of 
0-25 X 79 1 and 0-75 x 55-4 = 61*3 calculated number as 
compared to an experimental number of 60-7. However, 
if the analyses of natural gasolines and the octane numbers 
of the pure components are used in a similar manner, a 
resultant octane number about 15% too low may be cal- 
culated even if liberal quantities of isomeric compounds 
are considered to be present in the hexanes or heptanes 
and heavier fraction. Therefore, it is necessary to rely on 
experimental data to obtain reasonable accuracy when pre- 
dicting the octane number of blends. 

The lead response is defined as the increase in octane 
number obtain^ by adding a given quantity of tetra-ethyl 
lead (T.E.L.) such as TO c.c. to one U.S. gallon of gasoline. 
The major portion of the U.S. motor fuels sold arc 
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Fig. 6. Relationship between A.S.T.M. distillation and Reid vapour pressure. 
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raised to the marketed octane numbers of 70 or 76 by 
use of tetra-ethyl lead. Therefore, the effect of blending 
natural gasoline with refinery products on the lead response 
of the blend is important. In general, the lead response of 
natural gasoline blends is considerably superior to that 
of the base stock. The lead response 
of natural gasolines themselves is 
shown by Alden [1, 1932] to be 
equal to or better than the refinery 
straight-run gasolines and superior 
to cracked gasolines. A fraction 
composed of the high-boiling por- 
tion of natural gasoline showed a 
low lead response. 

A composite effect of blending 
value and lead response when blend- 
ing natural gasoline and its consti- 
tuents with refinery gasolines was 
presented by Neptune and Trimble 
[15, 1934]. Figs. 8, 9, 10, and 11 
show the effect of iso-butane, normal 
butane, iso-pentane, and normal 
pentane on tetra-ethyl lead require- 
ments of various percentage blends 
as compared to the T.E.L. require- 
ment of the base stock for an equal 
octane number. The higher vola- 
tility compounds show a greater re- 
duction inT.E.L. requirements in line 
with their higher octane numbers. 

The total reduction in tetra-ethyl 
lead required to obtain any given 
octane number gasoline cannot be 
attributed to the increase in octane 
number of the unethylized blend 
alone, but to the increased lead 
response of the blend. Therefore, 
natural gasolines composed of these 
compounds would be expected not 
only to raise the octane number of 
the blend in proportion to its con- 
centration, but to lower the T.E.L. 
requirement of the blend to make a 
definite octane gasoline more than 
predicted by the increase in octane 
number of the blend. 

The composite effect of the blend- 
ing of natural gasolines on the 
tetra-ethyl lead requirement to make 
a specified octane number gasoline 
is shown as a function of T.E.L. 
requirement of base stock, the per- 
centage of natural gasoline added, 
and the vapour pressure of the gasoline by Fig. 12 [15, 
1934]. The chart may be used as follows: A base stock 
of refinery and straight-run gasoline requires 2*0 c.c. of 
tetra-ethyl lead per U.S. gallon to raise it to some octane 
number such as 76. If 14% of a 14-lb. vapour-pressure 
gasoline could be blended to 60% of the stock and give 
the required volatility and vapour pressure, the resultant 
blend would require only 10 c.c. of tetra-ethyl lead to 
bring it to the 76 octane number. 

Blending of natural gasoline with refinery products has 
been shown to have effects on the volatility, vapour pres- 
sure, and octane number of the blends. Improvements in 
the quality of motor fuels by blending with natural gasolines 
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are always obtained when considering the fuel from vola- 
tility or detonating characteristics. The proportion of natural 
gasoline which can be blended with refinery products is 
definitely limited by the increase in vapour pressure caused 
by the natural gasoline. Unblended natural gasoline when 


reduced to 12 or 14 lb. vapour pressure has qualities which 
make it a desirable motor fuel for low atmospheric tem- 
peratures. 

The special products made from natural gasoline include 
aviation gasolines as well as special fuels and solvents. 
Aviation gasolines are characterized by their low vapour 
pressure, high volatility, and high octane number require- 
ments. Natural gasolines fulfil the octane number and 
volatility requirements exceptionally well, but are under 
a handicap with respect to vapour-pressure specifications. 
However, many aviation gasolines have been made by 
blend of natural gasoline and other products. Such prac- 
tices as fractionating out the normal paraffin hydrocarbons 
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PRODUCTS OF PETROLEUM 


which have a low octane number and combining the iso- 
meric compounds of natural gasoline to give an extra- 
ordinarily high octane natural petroleum mixture have 
been successfully tried. Iso-pentane, because of its case of 



Fig. 8. Effect of iso-butane on T.E.L. requirements. 


in natural gasoline facilitates solvent production from this 
source. 

The liquefied petroleum gas (L.P.G.) industry is an in- 
dustry which utilizes the otherwise waste products of the 



Fig. 10. Effect of iso-pentane on T.E.L. requirements. 




Fig. 9. Effect of normal butane on T.E.L. requirements. 


Fig. 11. Effect of n-pentane on T.E.L. requirements. 


manufacture and high octane number of 90, is a valuable 
blending agent with synthetic iso-octanes manufactured for 
aviation fuels [16, 1936]. 

Solvents for various purposes are made by fractionating 
natural gasoline into various boiling-point fractions. The 
removal of paraffin from oil-wells and pumping equipment is 
accomplished by natural gasoline or various fractions. Sol- 
vents for the paint and varnish industry may be made from 
natural gasoline. The absence of unsaturated gum-forming 
hydrocarbons which arc present in cracked products and 
the relatively high concentration of low-boiling fractions 


natural gasoline industry. Liquefied propane and butane 
are distributed for domestic and high-grade industrial heat- 
ing. This propane and butane is obtained in the extraaion 
of the natural gasoline because of its presence in the natural 
gas and is in excess of the allowable butane used in motor 
fuels. The Liquefied Petroleum Gas industry is described 
in detail elsewhere in this series of articles. 

Raw natural gasoline recovered from natural gas which 
was separated from crude oil under high pressures may 
contain large proportions of high-boiling compoimds which 
are undesirable in gasoline. In those cases it is necessary 








NATURAL GASOLINE 


2427 


to separate the extracted gasoline into a heavy fraction and 
natural gasoline. The heavy fraction has b^n used as a 
blending agent for Diesel fuels and would have the pro- 
perties of a light straight-run gas oil or distillate. 
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Fig. 12. Chart for blending to lower T.E.L. requirements by using 
various percentages of the several vapour-pressure natural gasolines. 


The major development in the by-products of the natural 
gasoline industry is the recovery of butane and propane for 
feed stock to the new polymerization processes. As men- 
tioned previously, natural gasoline plants designed to 
recover substantially all the pentanes will extract large 
quantities of butane and propane. The butane extracted 
is normally in excess of that required to make 26-lb. natural 
gasoline, and so waste butane is available in varying quan- 
tities depending on the vapour pressure of gasoline made. 
The high concentrations of propane and butane normally 
present in natural gas may be more completely recovered 
by simple changes in gasoline extraction plants. The new 
polymerization or cracking processes which convert butane, 
propane, or ethane into motor fuel are beginning to place a 
value on a formerly waste product. The recovery of the 
butane and propane for feed stock is in the realm of the 
natural gasoline industry and is a commercial operation 
at the present time. The quantity of motor fuel produced 
using natural gas butane and propane may surpass the 
natural gasoline production at some future date. The de- 
velopment of polymerization processes make natural gas 
reserves potential sources of complete high-quality motor 
fuels. 

Summary 

The recovery of natural gasoline from natural gas has 
converted a waste or low-grade product into a high-class 
fuel such as motor fuel. The industry increases the lifetime 
of petroleum production and increases the motor-fuel re- 
serves even from known supplies of hydrocarbons. The 
chemical and physical properties of natural gasoline are 
rather well known because of the relatively high concentra- 
tions of known compounds present in the gasoline. This 
knowledge has caused the scientific development of extrac- 
tion processes, methods of manufacture, and utilization to a 
rather high degree. Natural gasoline finds its primary use as 
a blending agent in making high-quality motor fuel, but the 
industry has developed many important auxiliary products. 
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AVIATION FUELS 

By RAYMOND HASKELL, Ph.D. 

The Texas Co,^ New York 


Until the latter part of the World War there was no 
definite call for a special gasoline for aviation purposes. 
Regular government or navy gasoline, up to as late as 
1913, was almost as volatile as the most volatile type in 
1935; in fact, in 1910 it was more volatile than Fighting 
Grade in 1935. About this time (1917), however, the de- 
mand for gasoline became so great, due to automobile 
production, that there was a fear of shortage. This ap- 
parent shortage was met by increasing the range in the 
higher boiling fraction and thus decreasing the average 
volatility. Cracking of fuel to make more gasoline had not 
at that time reached the prominence that it later acquired. 

At the same time improved design in airplane engines 
permitted increased efficiency and greater power. To get 
this power, however, a more volatile gasoline was neces- 
sary than requisite for automobile equipment. The United 
States navy recognized this in 1918 and issued a specifica- 
tion for aviation gasoline which called for an increased 
volatility over regular gasoline. This increase was brought 
about by lowering the average boiling-point, though the 
initial and 10®o points were not changed. About a year 
later the above specification was replaced by two specifica- 
tions, both more volatile than automobile gasoline. These 
two specifications were called : 

(1) Fighting Grade. 

(2) Domestic Grade. 

The chief difference between these two grades pertained to 
volatility, the Fighting Grade having the lower 90% point. 
These two specifications are still the standards of the 
government and industry, practically as issued, though the 
volume of Domestic Grade used is decreasing in compari- 
son to the volume of the Fighting Grade. The more recent 
changes made in these specifications relate particularly to 
the Fighting Grade. Addition of tests to meet a require- 
ment for better anti-detonating qualities have been added 
and an increase in stability under severe operating condi- 
tions is now required. 

General Requirements. 

The most important characteristics which aviation gaso- 
line must possess are correct volatility, high anti-knock 
value, and excellent stability. 

Volatility. The degree of volatility required is, in the 
final analysis, a function of engine design, as well as the 
operating conditions under which the engine must perform 
satisfactorily. Nevertheless, there are certain fundamentals 
that exist, almost regardless of the design of the power- 
plant, though these may not apply where solid injection is 
used as a means of distribution of fuel. 

A. The greater the volatility, the better the distribution 
to the cylinders. This results in more uniform and efficient 
firing, provided, of course, that carburettion is uniform 
under different operating conditions, particularly as re- 
lating to loads, speeds, and altitude. 

B. High volatility favourably influences ease of starting 
and decreases the length of time necessary for thorough 
warming up. It also allows quick response to the throttle 
under cold conditions, provided icing is prevented. 


C. Too high a volatility may cause icing where air tem- 
peratures approach the frost-point unless the system is 
particularly designed to handle this condition. 

D. Too high a volatility, especially as regards the frac- 
tions that boil at the lower temperature, may cause vapour 
lock. 

E. Too high a vapour pressure may not only cause 
vapour lock but also may indicate that there will be a loss 
of fuel from the airplane fuel-tanks at high altitudes, 
especially when there is a big difference in temperature 
between the ground- and cruising-levels. 

The rate of evaporation from fuel-tank depends on 
actual vapour pressure at the temperature of the evaporat- 
ing surface, as well as upon the atmospheric pressure. The 
lower the temperature of the gasoline, the less the evapora- 
tion, and losses may become serious only in cases of high 
upper air temperature or where the climb is so rapid that 
the temperature of the fuel cannot equalize itself to the 
temperature of the air and hence lower its vapour pressure. 

It will be seen, therefore, that volatility may be con- 
sidered under two heads: (a) general; (h) low temperature, 
or initial. General volatility is desirable from the stand- 
point of distribution, warming up, and quick response to 
the throttle. Initial volatility is desirable in respect to start- 
ing, but not in regard to vapour lock and icing and possible 
loss at high altitudes. 

Icing. Icing can be defined as the formation of ice within 
the carburettor or intake manifold due to the latent heat 
of gasoline. If this absorption of heat from the intake air 
reduces the air temperature below the ice- or snow-point 
under the humidity conditions existing, ice will form. The 
temperature attained may depend in some degree on the 
rate of evaporation. If all the gasoline does not evaporate 
in the carburettor but is carried along in a fog to some 
hotter point, icing will be decreased. In some cases this 
may not produce an even distribution to the cylinders and 
may even cause trouble in the blowers, so it is not parti- 
cularly desirable, though not necessarily serious. 

To prevent icing, therefore, it is safest to maintain the 
air-gas mixture out of the carburettor above 40'^ F., though 
this may not be necessary in very dry climates. Icing is 
usually prevented by heating the intake air, and often it is 
advisable to maintain a temperature of 150' F. If the 
temperature is too high— and sometimes 160' F. is too 
high — detonation may result with loss of power and over- 
heating of the piston-head and cylinder. This is most apt 
to happen on take-off or climb and depends on the anti- 
knock value of the fuel. Devices are now available to 
regulate the heating of the intake air to meet the manifold 
temperature conditions desired. 

Some success has been attained by the use of special 
alcohol mixtures on take-off until heating conditions are 
stabilized. The alcohol can be injected separately or mixed 
with a fuel especially designed for starting. It is claimed 
by some that less alcohol is necessary if used alone. 

Vapour Lock. Vapour lock can be considered any uneven 
operation due to formation of gas or vapour in gasoline 
lines, pump, or carburettor beyond the capacity of the 
system to handle. Unless provision is made to remove this 
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vaporized gasoline, an uneven metering results with re- 
sultant erratic firing and perhaps complete stoppage of the 
engine. The ability of an engine system to accommodate 
itself to this vapour formation is called its ‘ vapour-handling 
capacity*. The tendency of a gasoline to form vapour de- 
pends on the ratio of vapour volume to liquid volume (^7L) 
which will exist when that gasoline is heated to the definite 
temperature and pressure conditions under consideration. 
.Roughly, this is a function of vapour pressure when the 
vapour-handling capacity of the engine is low. If this latter 
is high, the 10% point may be the controlling factor. 
Engine manufacturers try to keep their vapour-handling 
capacity high, and fuel refiners endeavour to keep the 
vapour pressure low. 

Solid Injection. As stated above, carburettor icing is a 
real difficulty, especially when high octane is produced by 
the use of a gasoline containing a very large percentage 
of low-boiling fraction. Icing can be prevented if fuel is 
injected directly into the hot cylinder or adjacent manifold 
section. Some success has been attained by this type of 
intake system, but it is still somewhat incompletely de- 
veloped as to simplicity, flexibility, and general operating 
efficiency. No doubt this system will shortly be made 
practical and reliable and thus increase the number of types 
of motive-power producers available. 

Detonation. In view of the improvements in the gasoline 
handling system of airplane engines, volatility control is 
becoming of less importance than the anti-detonation 
qualities of the fuel. Engines are becoming more and more 
efficient due to improved design, regardless of the type of 
gasoline used, but the greatest strides can be made only if 
the mean eflective pressure and expansion ratio is increased. 
Such increase results in higher fuel-mixture temperatures 
on compression, which in turn increases the tendency to 
detonate, especially where full-power operation is de- 
manded. This, of course, influences operation on take-off 
or high-speed operation at low altitudes, as is the case with 
military manoeuvres. The availability of higher power per 
weight of power-plant or its corollary, the increase of 
cruising per unit of weight carried, is, of course, of para- 
mount interest to the military branch of government. The 
commercial airline operators are also interested in high 
mean effective pressures because they mean increased effi- 
ciency in operation, provided such efficiency does not 
necessitate a more than compensating increase in cost. 

The use of detonation retarders, as tetra-ethyl lead, to 
increase anti-detonating qualities, has about reached its 
limit using regular aviation gasoline; hence, an increase in 
compression ratio, or supercharging resulting in higher 
mean effective pressures, is dependent upon the synthetic 
production of a higher anti-knock gasoline. The same 
results can be obtained by the use of the Diesel cycle. Both 
systems are being highly developed, and improved design 
will probably make them both available in a few years. 
They are both striving for the same objective, namely, low 
specific fuel consumption and low weight per horse-power 
developed. In the matter of weight, not only must the 
power-plant be considered, but also the weight of the fuel 
necessary to generate the power. 

100 Octane Fuel. 

Synthetic fuels of higher detonation characteristics have 
been produced and can be made in commercial quantities 
as the raw materials are available. At the present time it 
is a question of relative cost; that is, will the cost of fuel, 
plus the increased cost of engine to use this synthetic 


fuel, be greater than the increased revenues brought about 
by its use? Experimental figures say No. Already, with 
a special engine an increase of efficiency of 30% has been 
attained, and at least half of this figure can be reached with 
very little change in design. This saving in efficiency, if put 
into dollars saved or earned by allowing an increase in 
pay-load, will more than compensate for even a large in- 
crease in unit fuel cost. How large this increase in cost will 
be will depend upon the quantity of fuel demanded. 

Up to the present time there is no way of making a 
proper synthetic fuel in a single continuous operation. In 
other words, high anti-knock and proper volatility cannot 
be obtained from a single source of raw material. There- 
fore, a blend of several synthetic fuels must be made. Solid 
injection may alter this situation somewhat, though in any 
case there must be sufficient low-temperature volatility to 
start in cold weather. 

As stated above, engine design is changing to meet the 
necessity of keeping cylinders cool under high-load condi- 
tions, and it is believed engines capable of utilizing the 
potential value of high anti-knock fuels are practically very 
near. Specifically, a fuel efficiency in practice of 0-35 lb. 
of fuel per brake horse-power is not a remote possibility. 
Experimental engines showing over 400 lb. mean effective 
pressure have already been developed. 

Diesel Engine. 

At this point mention should be made of the rapid 
development of the Diesel engine for aircraft purposes. 
The problem here is not so much one of fuel efficiency, as 
fuel economy of 0*35 lb. per brake horse-power is attain- 
able, but one of simplicity of design and flexibility in 
operation. Advantage is claimed in regard to fire hazard, 
though this is disputed by some, since often it is a question 
of spontaneous ignition and not spark ignition; and there 
is evidence that the fire may originate with the lubricating 
oil. Some advantage is also claimed in radio operation, 
due to elimination of spark. 

Many large airplanes, as well as airships, are equipped 
with Diesel engines and apparently are working satis- 
factorily, and as soon as the weight per horse-power of 
total power-plant can be made as low as the gasoline 
engine, with equal case of operation, competition will truly 
exist. 

Stability. 

Under this heading may be included not only those 
characteristics which govern the maintenance of properties 
in storage, but also those which cause or allow the gasoline 
to give its maximum efficiency under diverse operating 
conditions. 

Gum formation in storage or in the engine prior to 
actual burning was at one time a serious proposition, but 
a partial knowledge of its causes has allowed refiners to 
establish certain restrictions in the form of required tests 
that mitigate the evils to a large extent. In fact, there is 
considerable belief that some tests — such as the Accelerated 
Oxidation Bomb Test — are too severe and may throw out 
some gasolines that are perfectly satisfactory in engines. 
This will probably be corrected as knowledge increases. 
Inhibitors will undoubtedly assist. At one time there were 
many examples of corrosion due to improperly treated 
gasoline. These cases at present are practically nil. How- 
ever, there is still some complaint that metals have not yet 
been developed which will withstand, under all conditions, 
the erosive or corrosive effects of certain substances added 
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to improve burning qualities. This, no doubt, will be cured 
by co-operative efforts between the engine manufacturers 
and the oil-refiners. 

In this same category belongs the use of alcohol, either 
as a knock deterrent, an anti-icing aid, or just a political 
requirement. Alcohol under some conditions may be 
strongly corrosive on burning and, if used in large propor- 
tional quantities, will reduce the life as well as the power 
of the engine. 

Under this heading of ‘Stability’ can be discussed the 
falling-off of anti-knock power under high heat conditions. 
This is particularly noticeable with some types of cracked 
gasoline, and the present method of handling the situation 
is to bar them from use. No doubt some one will shortly 
find a way of correcting the difficulty, as it is poor econo- 
mics not to allow the use of such a large potential source 
of high anti-knock gasoline. 

Gravity, 

Specific gravity, while once a factor in aviation fuel speci- 
fications, has almost ceased to be of value and is generally 
omitted. If, however, synthetic fuels become more 
generally used, gravity combined with available heat unit 
may again become of interest. In other words, the amount 
of useful heat per pound is of paramount interest and the 
amount of heat per gallon of less interest, though volume 
considerations may enter where long flights are involved. 

In this connexion it must be remembered that the most 
economic air-fuel ratio must be considered both in regard 
to maximum power and maximum efficiency. In other 
words, the real criterion of power is the available heat per 
unit of volume of combustible mixture that enters the 
cylinder. The most economic fuel from a weight stand- 


point may not always give the maximum power for the 
engine. 

Specifications. 

Below are tabulated (see attached) the latest specifica- 
tions of the U.S. Army and U.S. Navy, and commercial 
operators follow, in general, these specifications, though 
they may depart in minor respects. 

The methods of test employed are described in detail in 
the specifications themselves. Those methods varying ap-* 
preciably from the A.S.T.M. procedure, or not included 
therein, are briefly described below: 

Water Tolerance. 80 ml. of the fuel are shaken in a glass- 
stoppered graduated cylinder with 20 ml. of distilled water 
at room temperature. On settling, the volume of aqueous 
layer shall not have increased or decreased by more than 
2 ml. 

Acid Heat. 150 ml. of fuel are placed in a 1-pint 
‘thermos ’-type flask, the temperature recorded, and 30 ml. 
of commercial 66'' Be. sulphuric acid added. After shaking 
for total of 3 min. under specified conditions, the rise in 
temperature is recorded as the ‘acid heat’. 

Accelerated Gum. The fuel (200 ml.) is subjected to an 
accelerated ageing test at KX)'^ C. with oxygen at approxi- 
mately 100 lb. pressure for 4 hours, using the conventional 
bomb apparatus. 100 ml. of a mixture of oxidized sample 
and gum solvent are evaporated down, when the amount 
of residue shall not exceed 10 mg. 

Copper Dish Corrosion. 100 ml. of the fuel are eva- 
porated in a polished copper dish and should cause no 
grey or black corrosion. 

Freezing-point. The freezing-point, as indicated by the 
initial formation of solid rather than by the cloud-point, 
shall not be higher than minus 60^ C. (minus 76^ F.). 


Note: For a more complete list of former specifications, see Nash and Howes, ii. 409. 


U.S. Army 


Grade 

Domestic 

Fighting 

: Fighting 

Fighting 



U.S. Navy 


Designation .... 

2-93 

2-95 

2-90 

2-92 


M 222 

M 302 

Octane number .... 

65 (a) 

92 {a) 

92(a) 

100 (fl) 

73 

80(6) 83(6) 87(6) 

87 (6) 100 {a) 

Lead tetra-ethyl (ma.\.) 


6 c.c. 

0 

3 c.c. 

0 

1-63 c.c. 2 29 c.c. 3 27 c.c. 

0 5 c.c. 3 c.c. 

Colour 


blue 

' , , 

blue 

+ 25 

blue 

Lt. blue or blue 

Vapour pressure (Reid, 100^ F.) 
(max.) 

7 1b. 

7 lb. 


7 lb. 

Say. 

7 1b. 

white 

7 1b. 

Sulphur (max.) .... 

0 1% 

01% 

. 0 1% 

0 1% 


0 1 

0 1% 

Water tolerance (max.) 

±2 c.c. 

±2 c.c. 

±2 c.c. 

±2 c.c. 


• • 

+ 2 c.c. 

Acid heat 






20" F. 

20" F. 

Accelerated gum (max.) 


10 mg. 

10 mg. 

10 mg. ' 


10 mg. 

10 mg. 

Copper dish, corrosion 

none 

none 

none ; 

1 none 


none 

none 

Copper dish gum 

3 mg. 



' 1 




Distillation : 

Evap. 

Evap. 

Evap. 

Evap. : 


Recov. 

! Evap. 

10% 

158" F. 

167" F. 

167" F. 

167' F. 1 


167" F. 

1 167" F. 

50% 

230" F. 

212" F. 

212" F. 

I 212' F. 


212" F. 

212" F. 

90% 

320" F. 

275" F. 

275" F. 

1 275' F. ; 


275" F. 

275" F. 

Sum 10% and 50% points . 

307 

307 

307 

307 


. . 

307 

Residue 

2% 

2% 

2% 

1 2'4 1 


2'/. 

2% 

Freezing-point .... 

-76" F. 

-76" F. 

-76" F. 

1 -76' F. 


-76“ F. 

-76" F. 


(а) ^ octane number by Army method of determination. 

(б) = C.F.R. motor method. 
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Ethyl Export Corporation 


Introduction 

British practice in regard to aviation fuels is almost entirely 
controlled by or dependent upon the requirements of the 
British Air Ministry, which is by far the largest customer of 
the aircraft industry, being responsible for the whole equip- 
ment of the Royal Air Force. In so far as civil aviation 
is concerned, the principal air-line operating company. 
Imperial Airways, follows Air Ministry practice. The 
smaller companies who operate internal services in Great 
Britain, use equipment the engines of which will normally 
run quite satisfactorily on the usual ‘No. T grades of 
automobile spirits which are generally available. Other- 
wise, Air Ministry fuel specifications are adhered to. 

So far as the formulation of the actual fuel specifications 
is concerned, the Air Ministry co-operate with the aviation 
engine manufacturers, the fuel suppliers, and the Institu- 
tion of Petroleum Technologists (I.P.T.), the official body 
in Great Britain of the petroleum industry, before coming 
to a final decision regarding the desired fuel quality or 
qualities. 

The Ministry usually adopts the various tests for spirits 
which are prescribed by the Institution of Petroleum 
Technologists which, in turn, receives a large measure of 
support from the various technical departments of the 
Air Ministry in order to carry out the necessary develop- 
ment work which must be done before formulating such 
test procedure. 

The fuel requirements for the Air Ministry arc issued in 
the form of specifications from the Directorate of Technical 
Development (D.T.D.). There are two current specifica- 
tions for aircraft fuels, namely, D.T.D. 224 and D.T.D. 230. 
(Reproduced as Appendices A and B.) The first specifica- 
tion calls for an octane value of 77 and excludes the use of 
tetra-ethyl lead, while the second one demands an octane 
value of 87 and allows the use of tetra-ethyl lead up to a 
concentration of 4 ml. per imperial gallon. In both, the use 
of added aromatics is permitted, subject to the freezing- 
points of the finished fuels not being above those quoted 
in the specifications. 

The knock ratings of both these fuels are ascertained by 
testing them in a C.F.R. engine under conditions laid down 
by the I.P.T. for testing aviation fuels. These conditions 
follow, with one exception, the C.F.R. Motor Method test, 
adopted tentatively by the American Society for Testing 
Materials (A.S.T.M.), the exception being that of the 
temperature of fuel/air mixture, which for the Motor 
Method is StW F. (149° C.), and in the case of the Modified 
(Aviation) Motor Method of the I.P.T. is reduced to 260 °F. 
(126° C). 

Condidons to be Considered and Satisfied in order to 
evolve a Satisfactory Aviation Fuel 

There are a number of points which must be considered 
in order to produce a satisfactory fuel, and these are 
enumerated herewith, more or less according to their order 
of merit: 

(a) Anti-knock Value. 

(b) Distillation Characteristics. 


(c) Vapour Pressure. 

{d) Freezing-point. 

ie) Freedom from Sulphur. 

(/) Freedom from Gum. 

(a) Anti-knock Value. 

Anti-knock value is undoubtedly the most important 
point and one which governs the production of a suitable 
fuel, because it is upon this value that the performance and 
the reliability of the modern aviation engine so largely 



{Reproduced from paper entitled *Ethyl\ by F. R. Banks^ *Journ, 
Royal Aeronautical Soc.\ April 1934.) 


depend. Manufacturers are also taking more and more 
advantage of the improvement in anti-knock value to 
produce engines of still greater performance. This fact is 
equally true of military and civil aviation and where the 
case of the higher powered engine is particularly concerned. 

All other things being equal, the anti-knock value of the 
fuel controls the power output of an engine by limiting the 
degree of compression ratio and supercharge which can 
be employed without encountering detonation and over- 
heating troubles. There are many publications which deal 
with these questions at length, and reference is made to 
them at the end of this contribution [3, 1934]; [12, 1933]; 
[2, 1934]. 

A graphical illustration of the influence of anti-knock 
value as it affects the performance of an aeroplane may 
be of some interest, and in Fig. 1 two curves are repro- 
duced which show the performance of a well-known air- 
craft under climbing conditions, with two fuels having 
widely differing anti-knock value. The full line represents 
the standard performance of the machine when using fuel 
(q) conforming to the Air Ministry’s D.T.D. 134 specifica- 
tion, which has since been superseded. The anti-knock 
value was in the neighbourhood of 73 octane C.F.R. 
Motor Method. To avoid detonation with this fuel the 
throttle could only be opened, by a limited amount, to a 
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‘gate' or stop until a height of about 4,500 ft. was reached, 
after which it was progressively opened beyond the ‘gate’ 
as the height increased. The amount of the throttle opening 
past this point during the climb is governed by a pre- 
determined degree of supercharge or ‘ boost indicated on 
a ‘boost’ gauge. Upon reaching the supercharged height, 
in this case about 10,500 ft., the throttle could be fully 
opened, and from this point to greater heights the engine 
behaved as one which is normally aspirated. 

The dotted line shows the improvement in performance 
obtained by adding tetra-ethyl lead to D.T.D. 134 fuel (6), 
thus increasing the anti-knock value from 73 to approxi- 
mately 87-88 octane, C.F.R. Motor Method. In the case 
of this particular engine the throttle could be fully opened, 
past the ‘gate’, at ground level, without the risk of detona- 
tion. The performance is improved by about 38 “o up 
to the supercharged height (10,500 ft.) or by 16®;, overall, 
from ground level to 20,0(X) ft. 

Naturally, the engine manufacturers will always develop 
their models to take the fullest advantage of any f^uel having 
increased anti-knock value, and, consequently, throttle 
‘gates’ and ‘boost’ regulation may always be necessary in 
some form or another in order to control the power output 
of the engine in relation to the anti-knock value of the fuel. 
Obviously, the improvement in performance by the use of 
a fuel of superior anti-knock value will still be shown to the 
same advantage. 

So far as Great Britain is concerned, practically all petro- 
leum products are imported, either in a wholly refined 
form or as crude. The latter is generally semi-refined 
before being shipped over. According to the different 
sources of supply the basic spirits may, and do, vary con- 
siderably in their chemical structure and, therefore, anti- 
knock value. In order to ensure adequate supplies of 
finished fuels which will be uniform in the latter charac- 
teristic, the question of the particular anti-knock material, 
to be added or blended with the basic spirits, is of some 
importance and needs careful consideration. 

Before discussing the question of actual anti-knock 
materials it would only be fair to say that there is a home- 
produced fuel available at the moment, in limited quantities. 
This is an aviation spirit produced from coal by the low 
temperature carbonization process, practically the whole 
production being taken by the Air Ministry. In case of 
need, the production of coal spirit could undoubtedly 
be improved, but whether it is possible to produce it 
in sufficient quantities, and down to a price to com- 
pete with spirits directly from crude oil obtained from 
the various points on the earth’s surface, is a matter for 
conjecture. 

The low temperature carbonization process is, as its 
name implies, a process by which the coal (usually fine 
coal) is subjected lo a ‘cooking’ procedure in retorts, at 
relatively low temperature. The latter varies somewhat 
according to the particular system adopted, but, in general, 
is between 600^ C. and 650"' C. 

During the process crude oil is produced; this undergoes 
various treatments, in order to eliminate undesirable con- 
stituents, after which suitable aviation grade spirit is ob- 
tained from the cleaned-up crude by distillation. 

Hydrogenated spirit is now available in Great Britain, 
but here again it is, at the moment, difficult to foretell how 
it will aflfect the situation either from an economical or 
technical point of view. Hydrogenation is a process in 
which coal, or oil, is treated with hydrogen at high tem- 
perature and pressure in the presence of a catalyst. If coal 


is used, it is introduced in the form of a paste made by 
mixing fine coal with a heavy oil or creosote. 

Spirit can be produced by this process to give good anti- 
knock value, and according to the particular conditions 
employed during the process can have mainly either an 
aromatic or naphthenic base. The Imperial Chemical 
Industries Ltd. (I.C.I.) has erected a large hydrogenation 
plant, and the output is distributed by the major oil 
companies. 

‘Cracked’ spirits are not, at the moment, used in the 
manufacture of aviation fuels, principally because ‘straight- 
run’ spirits are available in sufficient quantities to meet all 
needs in this respect. Although they can be stabilized by 
the addition of special materials, which inhibit gum, it is 
felt that ‘cracked’ spirits, used completely as fuels, or 
blended with other stock, do not offer any particular advan- 
tages; particularly, also, since they tend to depreciate in 
effective anti-knock value under the high duty conditions 
pertaining in aviation engines, and they have mostly rather 
poor response to additions of tetra-ethyl lead. 

This does not mean that ‘cracking’ is useless, because, 
taking the case of automobile fuels, a large majority of these 
are blended with ‘cracked’ stocks; in fact little unblended 
‘ straight-run ’ spirit is used at the present time for such fuels. 
Since the consumption of automobile fuel far exceeds that 
of aviation fuel, and ‘cracking’ should, theoretically, release 
more ‘straight-run’ fuel for aviation purposes, the whole 
question is really one of economics. 

It is common knowledge that the anti-knock value of a 
spirit, disregarding any particular treatment it may receive 
subsequent to its production from the crude, is largely 
governed by the particular hydrocarbon group or series 
which predominate the crude itself. There are three main 
hydrocarbon groups which characterize petroleum; these 
are as follows: 

(1) Paraffins I 2). 

(2) Aromatics (C„H 2 „ 6). 

(3) Naphthenes (QH,,,). 

Their ability to resist detonation varies considerably, and, 
consequently, aviation spirits produced from crudes having 
chemical structures conforming to any of the groups men- 
tioned will also vary in anti-knock value. 

Having in mind the conditions peculiar to the operation 
of aviation engines, the order of merit of these hydro- 
carbon groups, in their ability to resist detonation and/or 
prevent overheating the cylinders of an engine is as follows : 

(1) Naphthenes. 

(2) Aromatics. 

(3) Paraffins. 

At the moment there arc practically no spirits available 
in large quantities or on a commercial basis which will 
satisfy the needs of the modern high duty aviation engine, 
so far as anti-knock value is concerned, without the addi- 
tion of some material to raise this value, because such 
engines in general require fuels having values between 80 
and 87 octane, C.F.R. Motor Method, in order to operate 
satisfactorily. The highest one can generally expect with a 
‘straight-run’ spirit is about 73 or 74 octane. 

Anti-knock Materials. 

Before proceeding to consider the merits of the anti- 
knock materials which are at present used more or less 
universally and have been adopted by the British Air 
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Ministry as suitable constituents for aviation fuels, it would 
be as well to eliminate all discussion concerning alcohols. 
Not because the alcohols are entirely unsuitable, although 
they have from time to time been considered, but because 
they are not as yet used in any way for the make-up of 
normally obtainable aviation fuels in Great Britain, and 
in view of the title of this contribution it would be a waste 
of space to discuss them. Possibly at some future date they 
may be employed, but one cannot sec an immediate use 
for them in the British picture, particularly when one con- 
siders the necessity of providing fuels of uniform quality 
which can be equally well reproduced and made available 
over our imperial air routes and for the requirements of 
the Royal Air Force units which are stationed abroad. 

There are two anti-knock materials available in this 
country which are considered to be suitable for addition 
to spirits in order to produce satisfactory aviation fuels. 
These are: 

(1) Benzole and/or toluol. 

(2) Tetra-elhyl lead. 

(1) Benzole. Benzole has been used for some years, 
with success, as an anti-knock material of high value, and 
although it does not usually detonate in the ordinary 
sense, it can give rise to severe pre-ignition under appro- 
priate conditions. 

Benzole, as is well known, is a coal-tar distillate, being 
composed of hydrocarbons of the aromatic series; benzene 
(CftHe), toluene (C^Hy), and xylene (CgHjo). It is produced 
to a greater extent by the coke-ovens in the steel plants of 
the country, and to a much lesser extent by the gas works. 
The total production of crude benzole in the United King- 
dom is in the neighbourhood of 50 million gallons, and 
about 40 million gallons of this are used in a refined form to 
make up fuels for internal combustion engines. 

Although it might be considered as a fuel in itself, ben- 
zole is not used alone, for reasons to be explained, but is 
blended with spirits to form aviation fuels. The amount 
blended with any spirit depends upon the anti-knock value 
of the basic spirit used, and upon the final value required. 

Blends containing from 10 to 20';;, of benzole are quite 
usual, and much larger quantities have been employed. 

The main disadvantage to the use of high percentages of 
benzole in aviation fuels is due to its principal constituent, 
benzene, which has a freezing-point of about : 5 C.; 
consequently, only relatively small additions, up to a limit 
of about 20%, can be employed if freezing troubles are to 
be avoided in the fuel lines and carburettion systems of 
aircraft engine installations. 

Benzole often depreciates rather badly in effective anti- 
knock value when subjected to the operating conditions of 
some high duty engines. In its pure state it has been sup- 
posed by many to have an anti-knock value greater than 
pure octane, but its actual and effective value, when blended 
with spirits and tested under conditions similar to those 
employed for aviation fuels, is about the same or less than 
that of octane. That is to say, its blending value, i.e. its value 
when amounts up to about 50% are blended with spirits, is 
lower than that determined arithmetically by taking its ap- 
parent anti-knock value into account and assessing the 
proportionate value of the particular amount added to a 
spirit. This is clearly shown by the data contained in a 
paper by Garner and others [7, 1933], 

Benzole varies somewhat in behaviour, according to its 
make-up. That is to say, according to the proportions of 
its constituents, i.e. benzene, toluene, and xylene, so will 


its effectiveness as an anti-knock agent vary. Generally 
speaking, the higher the toluene content, the more effective 
is its anti-knock value, within certain limits. 

Some tests (made by the Wright Aeronautical Corpora- 
tion with the co-operation of the Standard Oil Co. of New 
Jersey) were done in America, using a full-scale aviation 
engine, where it was required to ascertain the amount 
of benzole necessary to blend with an aviation spirit 
to equal the performance of the same spirit plus tetra- 
ethyl lead, both fuels having an octane value of 87, C.F.R. 
Motor Method. It needed about 75% of benzole in order 
to obtain this value, and even then the engine would not give 
its maximum power with the benzole blend, and the specific 
fuel consumption was considerably raised. 

During these tests an interesting fact was discovered in 
connexion with benzole and tetra-ethyl lead when used 
together. It was found that in benzole blends, up to about 
40%, the lead susceptibility of such blends was con- 
siderably reduced. This is shown very clearly in Fig. 2. 


Fig Z BgNZOLE Susceptibility Curve of an Aviation 
Fuel of 6^5 Octane fCFR Motor Method) 
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{Reproduced by courtesy of the Standard Oil Co. of New Jersey.) 


From the economic standpoint, and because of its 
dependence upon the coal and steel industry, benzole is not 
universally obtainable, except by importation, at many 
points, outside Great Britain, where machines on our 
imperial air routes require refuelling or where units of the 
Royal Air Force are stationed. Even by importation the 
price is such that the cost of producing aviation fuels con- 
taining benzole is very much increased. Therefore, one must 
consider its usefulness primarily from the point of view of 
home consumption. In the case of military aviation, and if a 
state of national emergency, such as war, existed, the sup- 
plies of benzole would be considerably restricted for aviation 
purposes because it would undoubtedly be commandeered 
for the manufacture of explosives. Toluene, particularly, 
being the basic raw material for the manufacture of T.N.T. 

Toluene, itself, is superior to benzole both from the point 
of view of anti-knock value and in having a low freezing- 
point (about —95 C.), but it would be even more costly 
than benzole to produce because it must be ‘cut’ from 
benzole. It can, therefore, only be considered for very 
special purposes. 

(2) Tetra-ethyl Lead. Tetra-ethyl lead, the characteristics 
and employment of which have been fully dealt with in a 
paper before the Royal Aeronautical Society [2, 1934], is 
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now used to a very large extent in the production of aviation 
fuels and it is easily obtainable at low cost. Due to its 
potency, the question of universal supply, in order to treat 
large quantities of spirit, is simple, because of the very small 
amounts which need to be added. It may be stored in air- 
tight drums or barrels almost indefinitely. 

Its action in the prevention or reduction of detonation 
and overheating is entirely different to that of benzole. 
Whereas the latter depends upon its superior anti-knock 
value in relation to that of the normal spirit, and to the 



{Reproduced from paper entitled * Ethyl\ by F. R. Banks^ 'Journ. 
Royal Aeronautical Soc.\ April 1934.) 


degree of its dilution of that spirit, tetra-ethyl lead may be 
said to have a specific effect and only uses the spirit as a 
‘carrier’ until it reaches the cylinders of the engine, when, 
during the combustion process, the ‘ lead ’ decomposes and 
acts chemically upon the fucl/air charge to suppress or 
eliminate detonation. 

The effectiveness of tetra-ethyl lead is also dependent 
upon its concentration in a spirit, but because it is not a fuel 
and may be called a chemical knock suppressor, and since 
its action is specific, there is therefore usually a limit to the 
concentration which can be usefully employed, the degree 
of concentration depending upon the basic spirit used. 

This explains the characteristic difference in the shapes 
of the knock-rating curves between fuels having various 
benzole contents and lead concentrations. 

To sum up, increasing benzole concentrations in a spirit 
tend to show progressive increase in the anti-knock value 
of the resultant fuel, whereas with increasing concentrations 
of tetra-ethyl lead this increase becomes progressively less. 
These characteristics are shown very clearly in Fig. 3, in 
which benzole and also tetra-ethyl lead have been added, 
separately, to two spirits which vary considerably in their 
chemical characteristics, one being ‘straigiu run’ of naph- 
thenic base and the other highly ‘cracked’. 


A very important feature with regard to the relative 
behaviour of leaded fuels and benzole blends is that the 
former retain their effective anti-knock values to a high 
degree when subjected to high duty conditions, such as 
those pertaining particularly in high performance aircraft 
engines, whereas the latter drop off rather badly in this 
respect under similar conditions. This effect is clearly 
shown in Fig. 4. 



{Reproduced from paper entitled "Fthyl\ by F. R. Banks\ “Journ. 
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The addition of tetra-ethyl lead to a spirit does not 
measurably alter its physical characteristics, such as 
distillation range, freezing-point, and specific gravity, &c. 

The two materials discussed are so far considered to be 
the most generally available anti-knock agents in this 
country. Flowever, recent developments in America have 
produced two valuable blending agents for the make-up of 
fuels of high anti-knock value. These are iso-octane and 
di-isopropyl ether. 

C.P. Iso-octane has, of course, been employed for some 
years as a primary standard reference fuel, but its use has 
been restricted to that of knock-rating tests owing to its 
high cost of production. Two major oil concerns, namely, 
the Standard Oil Company of New Jersey and the Shell, 
have, however, been able to produce commercial iso-octane 
in relatively large quantity and down to a cost which allows 
it to be seriously considered as a constituent of aviation fuel. 
Aviation fuel containing iso-octane is already being used 
in America by the U.S. Army Air Corps and the U.S. Navy, 
Commercial aviation operating companies arc also seriously 
considering its use. 

Iso-octane is at the moment only employed as a con- 
stituent of 100 octane fuel, which is a fuel having an octane 
number of 100 when tested by the method evolved by the 
U.S. Army Air Corps, Material Division, Wright Field, 
Dayton. The fuel consists of approximately 50% of a good 
aviation gasoline blended with the balance of iso-octane, plus 
about 3-4-4 0 ml. of tetra-ethyl lead per Imperial gallon. 

So far the U.S. Army knock-test method appears to be 
a satisfactory one for fuels having octane numbers in 
excess of 87, and this 100 octane fuel is equivalent to 
between 96 and 98-5 octane C.F.R, Motor Method. The 
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reader is referred to two important papers by Klein [9, 
1936; 10, 1935] and a letter signed by Cronstcdt and others 
[6, 1935]. 

The British Air Ministry has issued a provisional speci- 
fication for such a fuel so that it may be tried out experi- 
mentally by the engine manufacturers and certain squadrons 
in the R.A.F. This fuel must, at the moment, be imported 
into Great Britain, but if these experiments by the Air 
Ministry are successful there is little doubt that other 
manufacturing arrangements will be made. Unfortunately 
the bulk production of iso-octane largely depends upon the 
cracking industry, and America is very happily placed 
regarding this, but there is little cracking carried out in 
Great Britain. 

The raw material for the manufacture of iso-octane is 
iso-butylene, which is present in small amounts in the re- 
finery gases. This is converted into di-iso-butylene by one 
of several processes, and the latter is hydrogenated (either 
by the low- or high-pressure system) to yield iso-octanc. 

Di-isopropyl ether is the most recent development in the 
synthesis of fuels on a commercial production basis. It is 
an excellent anti-knock material having a good response 
to additions of tetra-ethyl lead, and its potentialities from 
the production aspect appear to be far greater than those 
of iso-octane. Di-isopropyl ether was first found for this 
purpose by Buc, who has, with Aldrin, presented a paper 
describing its features and uses [4, 1936]. 

The raw material from which this material is produced 
is propylene, present in refinery gases (or made by cracking 
propane from natural gas). Propylene, under appropriate 
chemical treatment, reacts to form di-isopropyl ether, 
which is a branched-chain ether. 

According to Buc and Aldrin di-isopropyl ether, when 
blended in ordinary aviation gasolines, will produce a fuel 
of 100 octane (U.S. Army Air Corps test) with a tetra-ethyl 
lead concentration not exceeding 3 ml. per U.S. gallon 
(3-6 ml. per imperial gallon). Heron [8, 1936] has reported 
the octane number of di-isopropyl ether as 98-5 Army 
Method, and from the evidence available (Buc and Aldrin) 
it appears to have a slightly superior blending value than 
that of technical iso-octane, and is also superior for a given 
lead concentration in corresponding blends. 

Di-isopropyl ether has, however, one important dis- 
advantage, which is its relatively low calorific value. This 
is some 20% less than that of iso-octane, and when used 
in the quantity (about 40% by volume) necessary to make 
up 1(X) octane fuel, the resultant blend is about 7°o lower 
in calorific value than that of a similar fuel employing iso- 
octane. Actually, di-isopropyl ether is not intended to take 
the place of iso-octane as a blending agent but rather to 
be complementary or supplementary to it, and since it 
offers good production potentialities it is bound to receive 
serious consideration by all concerned in the use and dis- 
tribution of high octane-number fuels. 

One important point regarding these two blending agents 
(iso-octanc and di-isopropyl ether) is, that their inclusion in 
a fuel, in amounts from 40% up to 50 "i by volume, will 
render the finished fuel deficient in ‘light ends’ for the 
normal carburetter-type engine. Therefore it is usually 
necessary to add some material which boils at a somewhat 
lower temperature; for this purpose iso-pentane is generally 
used. 

(6) Distillation Characteristics. 

The distillation characteristics of an aviation fuel are 
most important because upon them depend the good start- 

IV 


ing, smooth functioning, and fuel economy of an engine 
(assuming, naturally, that the anti-knock value is satis- 
factory.) 

The distillation range should be well proportioned in 
order to satisfy the requirements of the various distribu- 
tion arrangements met with on different types of engines. 
Experience has shown that the temperatures at which 10%, 
50%, and 90% of a fuel is recovered by distillation arc 
generally the controlling factors determining its suitability 
in respect of the conditions previously mentioned. 

The 10% point controls the starting characteristics and 
is an index of the tendency to vapour lock when taken in 
conjunction with vapour pressure ; it is therefore necessary 
to avoid too large proportions of the low-boiling consti- 
tuents in order to eliminate the tendency of premature 
vaporization in the fuel lines and carburettors, which leads 
to vapour locking. The temperature limits within which the 
10% point should lie are 63-75° C. 

The 50% point is a measure of the ability of the fuel to 
provide rapid warming up and good acceleration of the 
engine. To ensure this desired flexibility, at least 50% of 
the fuel should be recovered before the thermometer 
reads 1(X)° C. 

The 90% point controls the proportions of the higher 
boiling constituents present in the fuel, and this should not 
be too widely separated from the 50% point, otherwise the 
presence of an excess of these constituents will aflfect good 
distribution and fuel economy adversely. The temperature 
limits for this point should be between 125° C. and 150° C., 
but preference is usually given to a fuel the 90% point of 
which is nearer to the lower temperature limit. 

The initial boiling-point and also the end-point of the 
fuel arc not mentioned because many tests have proved 
conclusively that neither has any significance when related 
to engine performance. 

(c) Vapour Pressure. 

Vapour pressure and the 10% point combine to control 
the vapour-locking tendency of a fuel. The Reid vapour- 
pressure test, which now appears to be universally accepted, 
is a simple method of determining this characteristic of 
fuels. It is an arbitrary test and, therefore, the results are 
not absolute. They give, however, an accurate and easily 
reproducible estimate of this quality, the limit of which has 
previously been determined by practical experience. Some 
engine installations are particularly bad as regards suscepti- 
bility to vapour lock, and in the case of high duty engines, 
particularly, the engine-driven fuel pumps, due to their 
proximity to the engine, sometimes work at relatively high 
temperatures and vapour locking has occurred on the 
‘inlet’ side of these pumps. The Reid vapour-pressure 
value for a satisfactory fuel should not, in general, exceed 
7 0 lb. per sq. in. 

(c/) Freezing-point. 

The provision of a low freezing-point is very important 
for aviation fuels because of the ability of modem aircraft 
to operate at high altitudes, and also because they must 
function equally satisfactorily in atmospheric conditions of 
varying temperature and humidity. 

In the case of all ordinary spirits and the aviation fuels 
produced from them by the addition of tetra-ethyl lead, 
there is little or no risk of the fuel freezing in the fuel lines 
or carburettor passages. But as regards fuels containing 
benzole, there is considerable risk of freezing occurring, 
and unless its use is very much restricted it is not possible 


B 
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to meet the freezing-point requirements. The relatively 
high freezing-point of benzole also is a great drawback to 
its use as an anti-knock material because only such small 
quantities can be used. 

The curves in Fig. 5 show the effect of various benzole 
blends upon the freezing-point. Two benzoles, differing in 



respect of the proportions of their constituents, were added 
to typical aviation grade spirits. The curves give the 
freczing-ix)ints, as determined by the formation of the first 
benzene crystals, of the resultant fuels obtained by blending 
each benzole with an aviation spirit. Fuel A was made up 
with a benzole having a lower toluol and higher benzene 
content than fuel B. 

Although the freezing-point of a fuel is exceedingly 
important and must be specified for the reasons previously 
stated, this does not mean that freezing troubles will be 
avoided with a fuel having a low freezing-point, although 
this in itself is particularly important in preventing solids 
forming in the fuel system. Freezing at or immediately 
above the carburettor chokes, however, is possible and, 
unfortunately, often usual under certain conditions, with 
fuels having low freezing-points and which contain no 
benzole at all. 

If the humidity is high, the moisture in the air can freeze 
on the throttle and walls where the venturi choke widens 
into the carburettor riser. This does not always occur at 
zero atmospheric temperature conditions, but rather it is 
due to a specific combination of humidity temperature and 
latent heat of the fuel/air mixture. In this connexion, the 
rapid evaporation which takes place, due to a dispro- 
portionate percentage of volatile constituents in the fuel, 
will aggravate the condition by more rapid diminution of 
the temperature. 

An attempt has been made in America (where, inci- 
dentally, benzole has been little used and has now been 
definitely abandoned) to alleviate this difficulty by stating 
the minimum acceptable for the sum of the temperatures 
of the 10%, and 50%, and specifying an aggregate of not 


less than 307® F. (153° C). However, this can only be 
regarded as means to alleviate, but not to cure, the 
trouble. 

Further alternatives to deal with this trouble which have 
been found efficacious are: (1) to ‘bleed’ alcohol into the 
venturi throat. (Alcohols are soluble in water and alcohol/ 
water mixtures have freezing-points below that of water 
alone. The action of an alcohol, used in the former manner, 
(1), appears to be that when it contacts with the ice, the 
freezing-point of the mixture so formed is lowered, which 
causes the ice to melt and almost immediately to become 
soft and non-adherent.) (2) Heating the carburettor riser 
about the choke and throttle levels by means of a hot-oil 
jacket, and (3) heating the air intake of the carburettor. 

Two informative papers have been written on this whole 
matter, and the reader is referred to them for more detailed 
information [1, 1934], [5, 1935]. 

(e) Freedom from Sulphur, 

The presence of sulphur in excess may cause corrosion 
troubles in the fuel system, and therefore the sulphur con- 
tent of a fuel is usually limited. 

The base spirit and the finished fuel must not contain 
free sulphur, and, in the combined form, the total sulphur 
content should not, in general, exceed 010% by weight, 
although in most aviation fuels this is usually kept between 
0 02% and 0 05%. 

(/) Freedom from Gum. 

The care which is taken by the refiners of modem spirits, 
and also the limitations and tests imposed upon the former 
by aviation fuel specifications, is such that no troubles 
arising from gum formation, either in the case of fuel 
storage or in the engine installation, need be anticipated. 
This is principally due to the fact that many modern specifica- 
tions are so written to exclude ‘cracked’ spirit blends, and 
a spirit which passes the accelerated ageing test may be 
considered to be entirely satisfactory so far as its stability 
is concerned. The British Air Ministry specifications for 
Aviation Fuels permit the use of cracked spirits provided 
the accelerated ageing test is met. 

The accelerated ageing test, where the spirit sample is 
placed in a bomb with oxygen at 100 lb. per sq. in. for 
4 hours at a temperature of 100^ C., is done to determine the 
potential gum and the stability of the spirit under storage 
conditions. The existent gum test consists of evaporating 
completely 100 ml. of the oxidized sample in a glass dish. 
The maximum amount of gum formed after evaporation 
is usually limited to 10 mg. (per 100 ml.). 

The British Air Ministry test for potential gum consists 
of incubating the sample in the dark for 20 hours at 35^ C., 
after which it is evaporated in a similar manner to the test 
for existent gum. 

The acid heat test is often used in America, in addition 
to the accelerated ageing test, as a simple determination 
for the presence of ‘cracked’ stock. 

A description of this test may be of interest here; the 
apparatus consists of an ordinary thermos or vacuum flask 
fitted with the usual screwed metal cap and supplied with 
two tapered cork stoppers, both impregnated with paraffin 
wax; one stopper is vented with a hole. Finally, a thermo- 
meter is included in the equipment. The reagent is com- 
mercial sulphuric acid having a specific gravity of not less 
than 1-834 and not greater than 1-838. 

The procedure is as follows: 150 ml. of the fuel to be 
tested is measured into the vacuum flask at approximately 
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room temperature and its temperature recorded after being 
in the flask for 2 minutes. 30 ml. of the sulphuric acid 
having the same temperature as the fuel are then poured 
into the flask, the vented cork slopjjer inserted, and the 
flask agitated gently for 1 minute, after which the tempera- 
ture of the acid layer is taken. If the thermometer shows a 
temperature rise of as much as 1 5'^ C. {2T F.), the sample 
fails and the test is discontinued at this point. 

If the temperature rise during the preliminary mixing is 
less than 15"^ C., the un vented cork stopper is inserted and 
the metal cap of the flask screwed on to hold the cork firmly 
in place. The flask is then shaken for 2 minutes, at the end 
of which period the temperature of the acid layer is taken 
again. 

The difference between the initial and final temperature 
readings is recorded as the acid heat of the fuel. The 
preliminary mixing described in a previous paragraph is a 
safety measure to eliminate highly ‘cracked’ samples which 
might develop excessive pressures when shaken in the bottle 
with the unvented cork stopper. The specifications in 
America which include this test stipulate that the acid heat 
of the sample must not be above 1 P C. to pass. 

The British Air Ministry Aviation Fuel 
Specifications 

These specifications are reproduced at the end of this 
contribution in the form of Appendices A and B. They are 
complete in themselves and specify recognized test proce- 
dures, employed in this country, which have been evolved 
by the Institution of Petroleum Technologists in collabora- 
tion with the Air Ministry. 

It is not proposed here to discuss the individual tests 
adopted to meet the various requirements of these fuels 
because they are published in detail by the I.P.T. and follow 
defined lines. For instance, the description of the C.F.R. 
Motor Method of ascertaining the anti-knock value is given 
in detail elsewhere in this work. However, because the 
question of the effective anti-knock value of an aviation 
fuel is of paramount importance, it is advisable to discuss 
the relationship between the value given to a fuel in the 
knock-testing engine and its performance in a full-scale 
aviation engine, in order that the reader will have some idea 
of the problems which confront those whose work it is to 
formulate fuel specifications. 

Before doing this it would be as well to emphasize the 
essential differences between the A.M, D.T.D. 224 and 230 
specifications. In the case of the former, it will be noted that 
this does not include tetra-ethyl lead, but only allows the use 
of added aromatics up to a limit governed by the freezing- 
point of the finished f^uel. In order to obtain the necessary 
anti-knock value and to allow reasonable additions of 
aromatics to the various base spirits employed, a freezing- 
point of not higher than “50"^ C. has been chosen. This is 
10° Q. higher than that laid down for the D.T.D. 230 fuel. 
Fuel to D.T.D. 224 specification is used only for those types 
of engines in service which arc unable to take advantage 
of tetra-ethyl lead. 

The D.T.D. 230 specification allows the use of tetra-ethyl 
lead up to a maximum concentration of 4 ml. per imperial 
gallon. Added aromatics are also allowed, provided that 
the freezing-point of the finished fuel is, in this case, not 
higher than —60° C. 

In issuing these specifications the Air Ministry has 
departed from its previous practice of having only one 
fuel available for all purposes. The provision of two fuels 


is a very satisfactory method of meeting the needs of the 
various types of engines in service. All new engines for the 
Royal Air Force must, however, be developed on a D.T.D. 
230 fuel, which contains tetra-ethyl lead, otherwise they will 
not be accepted. 

Although these specifications may vary somewhat in 
detail to the conditions discussed in the previous section of 
this contribution, it must be borne in mind that the Air 
Ministry, in formulating them, had many other considera- 
tions to take into account in order to provide fuels having 
good ‘average’ qualities from basic spirits which were 
available in sufficient quantities to meet the needs of the 
R.A.F. at home and abroad, or where British engines are 
used in machines operating our imperial air routes. For 
instance, it will be noticed that both specifications allow an 
upper limit, for sulphur content, of 0*15% by weight. This 
is an increase of 0 05 %, for that which is normally considered 
should be the maximum, i.e. 010%, but it was necessary to 
do this in order to include base spirits which are obtain- 
able in adequate quantities, but in which the sulphur content 
is somewhat higher than usual. 

The Problem of Correlating Knock Tests with 
Operating Conditions 

The anti-knock value in terms of octane number of any 
fuel depends upon the test method employed, and therefore 
such number cannot be considered an ‘absolute* one when 
applied to engine operation. Consequently, because it is 
difficult to simulate, in a laboratory knock-testing engine, 
those conditions peculiar to the operation of a full-scale 
aviation engine, the problem of correlating laboratory 
results with practical operation is one of considerable 
difficulty; all the more so when the different types of avia- 
tion engines are taken into account. 

Therefore, since it is impracticable to have a number of 
difl'erent fuel-test methods to suit all engines, one must be 
content with a set of conditions which will provide good 
average correlation over a fairly wide range of operating 
conditions. 

It is exceedingly difficult to decide how to run correlation 
tests and whether full-scale or single-cylinder units of avia- 
tion engines should be used when endeavouring to ascertain 
the effective anti-knock values of different fuels, because 
there is no really satisfactory method, at the moment, for 
the accurate detection of the commencement of detonating 
conditions in this class of engine. In the case of aviation 
engines, particularly, audible detonation is by no means 
always apparent, but a dangerous rise of the cylinder-head 
temperature is often the first manifestation of trouble. This 
is particularly so in the case of large air-cooled engines. 

Prior to the formulation of the D.T.D. 224 and 230 
specifications, the British Air Ministry in co-operation with 
the Sub-Committee on the Knock Rating of Aviation Fuels, 
which was set up by the I.P.T., carried out a number of 
tests with single cylinder-aviation engine units of air- and 
water-cooled types, in conjunction with the C.F.R. fuel- 
test engine, in order to find a set of test conditions, for fuels, 
which would enable good correlation to be obtained with 
the various aviation engine types in service. As a result of 
this work, a modification of the ‘Motor Method’ test was 
found to give correlation and was adopted by the Air 
Ministry for its fuel specifications. These tests were very 
clearly and completely described by Pye in a report read 
before the World Petroleum Congress, held in London 
[11, 1933]. It, however, took into account only those fuels 
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of moderate anti-knock value, i.e. between 70 and 80 
octane, and did not include any which contained tetra-ethyl 
lead, although the sub-standard reference fuels were leaded. 

In America correlation tests have been done at the 
works of the various aviation-engine manufacturers on full- 
scale engines, to a programme laid down by the C.F.R. 
Aviation Gasoline Detonation Sub-Committee, in order 
to obtain a satisfactory test method for the C.F.R. engine. 
This work has been recorded by Veal in the paper referred 
to at the end of this article [13, 1936], As the result 
of a very comprehensive investigation the C.F.R. Motor 
Method test is retained for rating aviation fuels up to and 
including 87 octane number. 

As to the question of employing full-scale or single- 
cylinder engines, the use of the former would appear to be 
more satisfactory if a complete survey of a number of fuels 
is contemplated. The results will be more comprehensive 
and valuable because they take into account the charac- 
teristics of different engines, and this is a most important 
consideration when investigating the relative merits of 
fuels. Full-scale tests are, however, exceedingly expensive 
and take a great deal of time to complete. The American 
tests took nearly 1 year to do 50% of the prescribed 
work. 

Tests on single-cylinder units are, obviously, cheaper, but 
it is often difficult to tell whether the results obtained are 
satisfactory until the fuels, evolved as the result of such 
tests, have been used in service for some time and in a 
number of different engines. 

It is not proposed here to describe the particular methods 
of test adopted, but the papers referred to previously [5, 6] 
give a good idea of two distinct means of doing this correla- 
tion work. There is one important condition in favour of 
running full-scale tests, which cannot be accurately repro- 
duced in single-cylinder work; this is, the effect which the 
multi-cylinder induction system has upon running condi- 
tions with different fuels. 

A ‘consumption loop’, i.e. a curve produced by plotting 
the specific fuel consumption (lb. per B.H.P.hr.) against 
brake mean effective pressure (B/M.E.P.), should always be 
made with every fuel tested, together with cylinder-head 
and barrel temperatures, in order to determine the weakest 
mixture strength at which each fuel will operate satis- 
factorily without detonation or overheating becoming 
serious. 

Fuels which have the same octane number but which 
have different chemical characteristics, distillation range, 
and, perhaps, contain different amounts of tetra-ethyl lead 
or benzole, do not always have similar effective values 
under full-scale operating conditions. Obviously, there- 
fore, the superior fuel is that which gives smooth running, 
without detonation or overheating and with the best 
economy under these conditions. 

In the case of the single-cylinder engine, and due to its 
relatively simple induction system, it is often possible to 
reduce the mixture strength to a greater extent than is 
normally so with the full-scale engine, and in consequence 
the results may be rather misleading. It is particularly so 
when attempting to do this at full throttle or at maximum 
permissible ‘boost ’rather than at reduced load or cruising 
conditions. While economy under cruising conditions is 
more important than at full load, correlation work should 
be done under the latter conditions because the engine will 
be more sensitive to changes in fuel characteristics. Detona- 
tion free operation at full throttle, or at uiaximum per- 
missible ‘boost’, is absolutely necessary, particularly for 


full-load ‘take off’ and also for climbing, but the mixture 
strength may be increased for these conditions. 

Fuels chosen in this manner and subsequent supplies 
which have been tested in the laboratory under conditions 
evolved as the result of the full-scale tests, will probably 
give good results when tuning production aviation engines 
for best economy at cruising power. 

APPENDIX A 

D.T.D. 224 

Crown Copyright Reserved 

August, 1933 

AIR MINISTRY MATERIAL SPECIFICATION 

77 OCTANE STANDARD FUEL FOR 
AERO-ENGINES 

1. Description 

The standard fuel for aero-engines shall consist of high- 
grade petrol prepared from crude petroleum, coal spirit or 
mixtures thereof. 

The fuel as a whole shall be neutral, clear, free from 
undissolved water, and any suspended matter. 

In order to obtain the necessary anti-detonation value 
as specified in Clause 8, it is permissible to add aromatic 
hydrocarbons, the extent of such additions being governed 
by the succeeding clauses of this specification. 

2. Distillation Range 

When 100 mis. of the fuel submitted arc distilled in the 
standard distillation apparatus, there shall distil at 760 mm. 
pressure : — 

Below 75^ C. not less than 10 per cent. 

At lOff" C. not less than 50 per cent. 

At 150^ C. not less than 90 per cent. 

The end point shall not exceed ISO"* C. 

The distillation loss shall not exceed 2 per cent. 

The total volume of distillate collected in the receiver 
shall not be less than 96 per cent. 

3. Vapour Pressure 

The vapour pressure as determined by the Reid method 
at 37-8'' C. (lOO"* F.) shall not exceed 7 lb. per square inch. 

4. Specific Gravity 

The specific gravity at 15° C. shall be not more than 0 79. 

5. Sulphur Content 

There shall be a complete absence of free sulphur when 
determined by the copper strip method and the total sul- 
phur content shall not exceed 015 per cent, by weight. 

6. Freezing Point 

The freezing point as indicated by the initial formation 
of solid shall be not higher than minus 50° C. 

7. Gum 

(fl) Existent Gum , — ^The amount of existent gum as deter- 
mine by the evaporative method in a glass dish shall not 
exceed 10 mgms. per 100 ml. 

(b) Potential Gum , — After 50 mis. of the fuel have been 
incubated at 35® C. for 20 hours, the increase of gum yield 
over and above the existent gum as determined by the 
evaporative glass dish method shall not exceed 10 mgms. 
per 100 ml. (For method of determination of gum, see 
Appendix 1.) 



BRITISH PRACTICE IN REGARD TO AVIATION FUELS 


2439 


8. Anti-Detonation Value 

The anti-detonation value shall be not less than 77 
octane number when determined by the standard ‘C.F.R. 
MOTOR METHOD’ modified so that the unit is run with 
a mixture temperature of 260° F. 

The octane number is numerically the percentage by 
volume of iso-octane (2, 2, 4 tri-methyl pentane) in a mix- 
ture of iso-octane and normal heptane. The octane number 
of the fuel is the octane number of the mixture of iso-octane 
and normal heptane which it matches in anti-detonation 
value. 

A secondary or sub-standard reference fuel may be used 
for purposes of matching, but the sub-standard fuel must 
be equal in knock rating to the primary octane-heptane 
mixture when tested under the conditions specified. Sup- 
plies of standard or sub-standard fuels will not be issued 
by the Air Ministry. The Air Ministry will use as a sub- 
standard, a straight run petrol of high knock rating with 
the addition of pure crystallisable Benzene. 

(Note . — Three comparisons of the sample with the refer- 
ence fuel are to be made. The sample on the average of 
these comparisons shall not be inferior to the standard. 
Frequent calibrations of the secondary reference fuels 
against the primary octane-heptane standard must be 
made.) 

9. Methods of Test 

Except where otherwise stated, the ‘Standard Methods 
of Testing Petroleum and its Products’, Second Edition, 
and such Addenda as may be promulgated by the Institu- 
tion of Petroleum Technologists will be used. The required 
tests arc enumerated in Appendices 1 and 2. 

10. Sampling 

Normal I.^^T. methods of sampling are to be adopted; 
but in cases of dispute, particularly in connection with gum 
tests, it is essential that sampling should be carried out in 
accordance with the details laid down in Appendix 3. 

Appendix I 

Gum Tests, — Description 

Apparatus 

The apparatus shall consist of the following:— 

(a) Dish . — The dish shall be made of a suitable resistance 

glass, and in shape shall be cither hemispherical, 
80 to 90 mm. in diameter, or flat-bottomed, 80 to 
90 mm. in diameter at the top, 45 to 50 mm. in 
depth, and approximately 45 mm. in diameter at 
the bottom. 

(b) Steam Bath.— -The apertures shall be of such size that 

the dishes will be immersed to within about 10 mm. 
of the top. If the evaporation is not carried out in 
a draught-free chamber, the bath shall be provided 
with a draught shield. 

(c) Storage Flask.— A 500 ml. measuring flask fitted with 

a glass stopper, and made of a suitable resistance 
glass, shall be used. 

Procedure 

Existent Gum . — Fifty ml. of the petrol shall be eva- 
porated in the glass dish on a vigorously-boiling steam 
bath, the dish having been cleaned previously by soaking 
in chromic-acid solution, and rinsing in distilled water. 

After the evaporation, the outside of the dish shall be 
wiped dry; the dish shall then be transferred to an oven 
maintained at 150° C. and allowed to remain there for one 


hour. After cooling in a dust-free place for 20 minutes, 
the dish shall be weighed by tare, against another similar 
dish which has been treated similarly but without the 
petrol, to an accuracy of iO l mgm. The operations after 
heating the dish shall be made with the use of metal forceps. 

Potential Gum . — Fifty ml. of the petrol contained in the 
glass-stoppered glass flask shall be incubated at 35° C. in 
the dark for 20 hours. At the end of that time, the contents 
of the flask, together with acetone rinsings obtained by 
swilling out the emptied flask with a little re-distilled ace- 
tone, shall be transferred to the glass dish described in the 
previous test, and the amount of gum formed determined 
by the evaporative method described previously. 


Appendix 2 


Schedule of Standard 
I.P.T. Tests 


Specific Gravity 
Distillation 
♦Total Sulphur 
♦Free Sulphur 
♦Vapour Pressure . . 
♦Normal Sampling 
♦Anti-Detonation Value 


G. 1. 

G.3. 

G. 4 (A.S.T.M. D. 9G-30T). 

G. 4.B (A.S.T.M. D. 130-30). 
G. 37 (A.S.T.M. D. 323-32T). 
I.P.T. (A.S.T.M. D. 270-30T). 
G. 39 (A.S.T.M. D. 357-33T). 


* Note . — These tests are either under consideration or 
revision by the Institution of Petroleum Technologists and 
pending the issue of the I.P.T. addenda concerned the 
equivalent A.S.T.M. methods enumerated must be used. 


Appendix 3 

Method of Sampling for Gum Tests 

It is important that the following precautions be taken 
in sampling in order to avoid the introduction of extra- 
neous matter which might cause erratic gumming: — 

(a) The bottles, preferably narrow-necked and glass 

stoppered, should be washed in chromic-acid solu- 
tion, then rinsed with distilled water, and dried. 

(b) If corks are used, these should be new and extracted 

with acetone and preferably wrapped around with 
tin or lead foil. 

(c) The glass dipper, or syphon, etc., used for removing 

the sample from the container, should be fre- 
quently rinsed with acetone and dried in order to 
remove any gum. 

(d) The sample bottle should be (i) filled to the neck, 

(ii) wrapped or packed in a light-proof container, 
and (iii) stored in a cool place until required for 
analysis. 
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87 OCTANE STANDARD FUEL FOR 
AERO-ENGINES 

1. Description 

The standard fuel for aero-engines shall consist of high- 
grade petrol prepared from crude petroleum, coal spirit or 
mixtures thereof. 
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The fuel as a whole shall be neutral, clear, free from 
undissolved water, and any suspended matter. 

In order to obtain the necessary anti-detonation value as 
specified in Clause 8, it is permissible to add aromatic 
hydrocarbons and/or tetra-ethyl lead in the form of IT 
eUiyl fluid in concentrations not exceeding 4 mis. of tetra- 
ethyl lead per Imperial gallon. 

The extent of such additions will be governed by the 
succeeding clauses of this specification. 

2. Distillation Range 

When 100 mis. of the fuel submitted are distilled in the 
standard distillation apparatus, there shall distil at 760 mm. 
pressure: — 

Below 75^ C. not less than 10 per cent. 

At 100'' C. not less than 50 per cent. 

At 150*" C. not less than 90 per cent. 

The end point shall not exceed ISO'' C. 

The distillation loss shall not exceed 2 per cent. 

The total volume of distillate collected in the receiver 
shall not be less than 96 per cent. 

3. Vapour Pressure 

The vapour pressure as determined by the Reid method 
at 37-8° C. (100'' F.) shall not exceed 7 lb. per square inch. 

4. Specific Gravity 

The specific gravity at 1 5" C. shall be not more than 0 79. 

5. Sulphur Content 

There shall be a complete absence of free sulphur when 
determined by the copper strip method and the total sul- 
phur content shall not exceed 0*15 per cent, by weight. 

6. Freezing Point 

The freezing point as indicated by the initial formation 
of solid shall be not higher than minus bO'' C. 

7. Gum 

(a) Existent Gum , — The amount of existent gum as deter- 
mined by the evaporative method in a glass dish shall not 
exceed 10 mgms. per 100 ml. 

(b) Potential Gum . — After 50 mis. of the fuel have been 
incubated at 35" C. for 20 hours, the increase of gum yield 
over and above the existent gum as determined by the 
evaporative glass dish method shall not exceed 10 mgms. 
per 1(X) ml. (For method of determination of gum, see 
Appendix 1.) 

8. Anti-Detonation Value 

The anti-detonation value shall be not less than 87 
octane number when determined by the standard ‘C.F.R. 
MOTOR METHOD’ modified so that the unit is run with 
a mixture temperature of 260" F. 

The octane number is numerically the percentage by 
volume of iso-octane (2, 2, 4 tri-methyl pentane) in a mix- 
ture of iso-octane and normal heptane. The octane number 
of the fuel is the octane number of the mixture of iso-octane 
and normal heptane which it matches in anti-detonation 
value. 

A secondary or sub-standard reference fuel may be used 
for purposes of matching, but the sub-standard fuel must 
be equal in knock rating to the primary octane-heptane 
mixture when tested under the conditions specified. Sup- 
plies of standard or sub-standard fuels wnl not be issued 
by the Air Ministry. The Air Ministry will use as a sub- 


standard, a straight run petrol of high knock rating with 
the addition of pure crystallizable Benzene when undoped 
fuels are being tested and the addition of T.E.L. when fuels 
containing T.E.L. are being tested. 

(Note, — Three comparisons of the sample with the refer- 
ence fuel are to be made. The sample on the average of 
these comparisons shall not be inferior to the standard. 
Frequent calibrations of the secondary reference fuels 
against the primary octane-heptane standard must be 
made.) 

9. Colour 

When tetra-ethyl lead is used as an anti-detonant, the 
fuel must be coloured noticeably blue with a suitable dye 
to distinguish the leaded fuel from those not so doped. 

10. Methods of Test 

Except where otherwise stated, the ‘Standard Methods 
of Testing Petroleum and its Products', Second Edition, 
and such Addenda as may be promulgated by the Institu- 
tion of Petroleum Technologists will be used. The required 
tests are enumerated in Appendices 1 and 2. 

11. Sampling 

Normal I.P.T. methods of sampling are to be adopted; 
but in cases of dispute, particularly in connection with gum 
tests, it is essential that sampling should be carried out in 
accordance with the details laid down in Appendix 3. 

Appendix 1 

Gum Tests. — Description 

Apparatus 

The apparatus shall consist of the following: — 

(a) Dish. — The dish shall be made of a suitable resistance 

glass, and in shape shall be either hemispherical, 
80 to 90 mm. in diameter, or flat-bottomed, 80 to 
90 mm. in diameter at the top, 45 to 50 mm. in 
depth, and approximately 45 mm. in diameter at 
the bottom. 

(b) Steam Bath. — The apertures shall be of such size that 

the dishes will be immersed to within about 10 mm. 
of the top. If the evaporation is not carried out 
in a draught-free chamber, the bath shall be pro- 
vided with a draught shield. 

(r) Storage Flask. — A 500 ml. measuring flask fitted with 
a glass stopper, and made of a suitable resistance 
glass, shall be used. 

Procedure 

Existent Gum. — Fifty ml. of the petrol shall be eva- 
porated in the glass dish on a vigorously-boiling steam 
bath, the dish having been cleaned previously by soaking 
in chromic-acid solution, and rinsing in distilled water. 

After the evaporation, the outside of the dish shall be 
wiped dry; the dish shall then be transferred to an oven 
maintained at 150" C. and allowed to remain there for one 
hour. After cooling in a dust-free place for 20 minutes, 
the dish shall be weighed by tare, against another similar 
dish which has been treated similarly but without the 
petrol, to an accuracy of ±0*1 mgm. The operations after 
heating the dish shall be made with the use of metal forceps. 

Potential Gum. — Fifty ml. of the petrol contained in the 
glass-stoppered glass flask shall be incubated at 35" C. in 
the dark for 20 hours. At the end of that time, the contents 
of the flask, together with acetone rinsings obtained by 
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swilling out the emptied flask with a little re-distilled ace- 
tone, shall be transferred to the glass dish described in the 
previous test, and the amount of gum formed determined 
by the evaporative method described previously. 


Appendix 2 

Schedule of Standard 
I.P.T. Tests 


Specific Gravity . . . . 

Distillation 

•Total Sulphur . . . . 

•Free Sulphur . . . . 

•Vapour Pressure . . . . 

•Normal Sampling 
•Determination of Tetra 

Ethyl Lead 

♦Anti-Detonation Value 


G. 1. 

G. 3. 

G. 4 (A.S.T.M. D. 90-30T). 
G.4.B (A.S.T.M. D. 130-30). 
G. 37 (A.S.T.M. D. 323-32T). 
I.P.T. (A.S.T.M. D. 270-30T). 

G. 38 (Edgar & Calingaert). 

G. 39 (A.S.T.M. D. 357-33T). 


* Note . — These tests are either under consideration or 
revision by the Institution of Petroleum Technologists and 
pending the issue of the I.P.T. addenda concerned the 


equivalent A.S.T.M. methods or alternative methods enu- 
merated must be used. 


Appendix 3 

Method of Sampling for Gum Tests 

it is important that the following precautions be taken 
in sampling in order to avoid the introduction of extra- 
neous matter which might cause erratic gumming: — 

(a) The bottles, preferably narrow-necked and glass 
stoppered, should be washed in chromic-acid solu- 
tion, then rinsed with distilled water, and dried. 

(/)) If corks are used, these should be new and extracted 
with acetone and preferably wrapped around with 
tin or lead foil. 

(r) The glass dipper, or syphon, etc., used for removing 
the sample from the container, should be fre- 
quently rinsed with acetone and dried in order to 
remove any gum. 

(d) The sample bottle should be (i) filled to the neck, 
(ii) wrapped or packed in a light-proof container, 
and (iii) stored in a cool place until required for 
analysis. 
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AVIATION FUELS— FRENCH PRACTICE 

By Dr. P. DUMANOIS, Hon. M.lnst.P.T. 

Inspector^General of Aeronautics^ France 


Before detonation and octane numbers were known, 
aviation companies used the distillation curve in order 
to select and evaluate fuels. Systematic trials of fuels 
in engines showed that those with low distillation ranges 
were the most useful ; the choice of distillation range was 
a guarantee of a certain volatility of the fuel. The dis- 
tillation curve, therefore, was a measure of the homogeneity 
and of the volatility of the fuel. This latter could be limited, 
so that danger from vapour lock could be avoided. The 
Aeronautique frangaise fixed a standard distillation curve 
for fuels. 

The progress made with regard to anti-detonation and 
with the work on vapour lock and vapour tension has led 
to the adoption of the following specifications : 

1401 

AIR— 3401 and AIR— 3402, AIR— 

1/B 

Fuels for Aero-engines 
Specifications and General Characteristics 

These fuels are of two types: 

Type (1). Aero Fuels ‘A’. Composed exclusively of 
petroleum spirits, which may not be mixed with an ‘anti- 
knock’, and of which the octane number is fixed at a 
minimum value. These fuels are colourless. 

Type (2). Aero Fuels ‘B’. Composed exclusively of 
petroleum spirit which may or may not be mixed with a 
permissible ‘anti-knock* and of which the octane number 
is fixed. These fuels are colourless, except when they 
contain an ‘anti-knock* which is toxic in character, when 
they are coloured blue by the addition of a specified 
material. The quantity of colour added should not exceed 
0*4 g. per 100 litres. 

Characteristics of the Fuels 

(1) Density. 

Determined at 15® C. by the usual balance method, or 
by pyknometer. The density should be lower than 0-780. 

(2) Water Test 

Determined by using anhydrous copper sulphate. The 
result of this test should be negative. 

(3) Sulphur Content 

Using the methods AIR 1085 (part AFNOR B. 6-14). 
Sulphur content by Grote’s method. Corrosive sulphur, 
by copper dish. There should be no corrosive sulphur and 
the total sulphur content should not exceed 0-15%. 

(4) Neutrality. 

By the method AIR 1086. The fuel should be neutral 
(i.e. neither acid nor alkaline). Fuels for aircraft engines 
agree with the specifications fixed by the method AIR 3402. 
AIR 3402/1. 

Fuels for Aircraft Engines 
Specifications and Particular Characteristics 

These fuels should be obtained by dii^t distillation 
and exclude all fuels produced by cracking and hydro- 


genation where the methods of production do not allow 
precise control of the quality of these latter. 

(1) Distillation. 

Method AIR 1085 (AFNOR B. 6-11— A.S.T.M. 
Distillation, Engler Distillation). 

The volume to be noted at the following temperatures. 

Limits for 

Temperature volume distilled 

. . . 10 - 20 % 

100® C. . . 50% minimum 

150° C. . 90% minimum 

The end-point should be 180°C. or less. 

The distillate should not be less than 96%. 

The residue should be 2% or less by volume. It should 
be tested for neutrality according to Method AIR 1086. 

(2) Vapour Pressure. 

The method is AIR 1087 (Reid Bomb). The temperature 
to be 38 ±0-5^ C.; the pressure should not exceed 0-5 kg. 
per sq. cm. 

(3) Congealing-point or Freezing-point. 

The method is AIR 1088. The temperature at which 
crystals appear should be —45'' C. or less. 

(4) Gum Content. 

(a) Existent Gum. Method AIR 1085 (AFNOR B. 
6-13). The weight of gum is obtained after evaporation 
of the spirit under standard conditions. 

The quantity should be less than 6 mg. per 100 c.c. of 
spirit. 

(c) Potential Gum. In the absence of a method of 
measuring potential gum content the method of AIR 1089 
is used, i.e. determination of the per cent, content of ethy- 
lene type of hydrocarbons. The percentage expressed as 
amylcne should be 2% or less. 

(5) Octane Number. 

Method AIR 1090. Modified C.F.R. method. Theoctane 
number for ‘Aero Fuels A’ should be a minimum of 70 
while that for ‘Aero Fuels B’ should be a minimum of 87 
with a tolerance of 4-2. 

(6) ^Anti-knock’ Content. 

In ‘Aero Fuels B* the addition of ethyl lead fluid should 
be such that the lead content is 0-8 c.c. of ethyl lead fluid 
per 1,000 c.c. of fuel. 

In these methods the fuels have been placed in two 
categories, i.e. those which do not contain ‘anti-knocks’ 
and those which do contain such bodies. The following 
are the standard knock ratings for these fuels, as deter- 
mined by the C.F.R. motor method, modified for aviation 
fuels (i.e. the modified motor method only differs from the 
normal method by the inlet temperature, this being 127® C. 
in the modified method and 149® C. in the normal method); 
for the first type an octane number of 70, and 85 for the 
second. The allowable tolerance is 2. These figures have 



AVIATION FUELS—FRENCH PRACTICE 


been adopted as they apply to existing French engines. 
The density is limited to a maximum of 0*780, which allows 
up to 50% of benzene to be mixed with the fuel; this, 
together with the standard distillation range, eliminates 
heavy saturated products. There is an upper limit for the 
quantity of benzene that can be added, since the crystal- 
lization point of the fuel is fixed at a low figure. 

The fuel should be neutral and should not have a total 
sulphur content higher than 01 5%, and it should not 
contain any corrosive sulphur. 

The freezing-point of the fuel in view of its use at high 
altitudes is limited to —45'^ C., i.e. this is the temperature 
at which crystals appear. 

The vapour pressure of the fuel must not exceed 0*5 
kg. per sq. cm. as determined in the Reid bomb in order 
to avoid vapour lock. The A.S.T.M. distillation curve 
shows that the fuel is homogeneous and acceptable for 
the purpose for which it is used. 

French specifications do not permit the use of cracked 
and hydrogenated fuels, and these notes are given for 
those products which arc permissible. They give the 
properties which assure sufficient stability of the fuels, 
when determined by the appropriate methods. 

The actual gum content is fixed at a maximum of 6 mg. 
per 100 c.c. and the cthylenic hydrocarbons present must 
not exceed Z*";, expressed as amylene. 

Methods. 

Most of the methods given here (e.g. A.S.T.M. dis- 
tillation, Reid vapour pressure, C.F.R. motor method for 
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octane number, &c.) are sufficiently well-known interna- 
tional methods. The method of determining the freezing- 
point, however, is a particular one of the French Air 
Ministry. It is given under the serial designation AIR 
1088/1 as in the following: AIR 1088/1— Freezing-point, 
or Congealing Point. 

1. Rapid Method. Twenty cubic centimetres of the 
fuel to be tested is placed in a closed test-tube in which 
is placed a thermometer reading to low temperatures. 

This tube is then placed in a Dewar flask containing a 
refrigerant, e.g. solid carbon dioxide and acetone. The 
temperature is noted at which the crystals first appear; 
the tube is then allowed to warm up and the temperature 
again noted at which the crystals first disappear. 

By repeated freezing and warming the exact crystalliza- 
tion temperature is obtained. 

2. Accurate Method. The apparatus consists of a Dewar 
flask containing a refrigerant, which is at a temperature 
several degrees higher than the freezing-point of the fuel 
as determined approximately; a stopper is fitted to this 
flask through which passes a tube containing 30 c.c. of the 
fuel under test, in which is a low-range thermometer and 
a stirrer. A further tube containing acetone cooled by 
the addition of solid carbon dioxide is placed such that 
it is in contact with the fuel under test. 

The temperature is slowly reduced until crystals appear. 
At this point the tube containing the freezing mixture is 
raised and the temperature of the fuel which is constantly 
agitated thus increases. The temperature at which the 
crystals disappear is noted. 



SPECIAL ENGINE FUELS 

By D. A. HOWES, D.Sc., M.InstP.T. 

Anglo-Iranian Oil Company Ltd, 


Introduction 

This article deals with certain special engine fuels which 
are not separately dealt with elsewhere. These fuels are 
considered in the following order: 

1. Recent aviation fuels. 

(a) Iso-pentane. (c) Di-isopropyl ether. 

(b) Iso-octane. (d) Safety aviation fuels. 

2. Hydrocarbon fuels produced by the catalytic treat- 
ment of water gas, i.e. Synthol. 

3. Tar-oil and creosote fuels for spark-ignition engines. 

4. Alcohol fuels and racing fuels. 

5. Gaseous fuels. 

Recent Aviation Fuels 

For a number of years there has been an incessant 
demand for aviation f^uels of higher octane number, and 
although fuels of 87-92 octane number are now being 
regularly supplied in Europe and in America the demand 
still persists. Recent developments have made the produc- 
tion of 100 octane number fuels in large quantity a com- 
mercial proposition, but it is probable that, within a short 
time, fuels of 100-120 octane number will be available. The 
demand for such fuels is due to the greatly increased engine 
performance obtainable by their use, particularly with 
regard to take-off power, and power obtainable under 
full-throttle conditions at high supercharger boost pres- 
sures. Since 1930 the aviation fuels supplied in America 
have been as follows, the average octane numbers given 
being computed on a gallonage basis: 



j [/.S. Army Air \ 
Corps 1 

Three leading 
air lines 

J930 

. j 70-6 

73 

1931 

. 1 77*7 I 

73 

1932 

82*2 

73 

1933 

. ! 87*3 i 

78*9 

1934 

. 1 90*2 

804 


Compared with fuels of 90 octane number those of 100 
octane number give a 15-30% increased power output and 
specific fuel consumptions as low as 0*34 lb. per B.H.P.H. 

(a) Iso-pentane. 

Iso-pentane is present in the light fractions of nearly all 
crude petroleums and has an octane number, as determined 
by the C.F.R. Motor method, of c. 90. Its only disadvan- 
tages are its low boiling-point and high vapour pressure, 
but it is, of course, to be preferred to both normal and iso- 
butane in these two respects as shown in the following 
figures [48, 1936]. 



Octane number, C.F.R. Motormethod 

Boiling-point, “ C 

Sp.gr 

Reid vapour pressure, lb. persq. in. at 


Iso- , n- Iso- 
pentane j Butane \ butane 

90 1 91 99 

27-8 j -0*6 -12 

0*625 I 0*585 0*565 


100" F j 20*4 I 52*5 | 74 


Iso-pentane is now being used to a large extent for 
incorporation in aviation fuels of low volatility such as 
iso-octane blends, and is especially valuable for this purpose 
because of its high anti-knock value. In blends containing 
about 2 c.c. per gal. of lead, iso-pentane has an anti-knock 
value 92-100% that of octane. Iso-pentane is not used in 
an undiluted state because of its low boiling-point and 
high vapour pressure, but it is an excellent blend stock. 
It is available in huge quantities and may be recovered 
from natural gasolines by simple but efficient fractionation. 

(b) Iso-octane. 

In 1934 announcements were made to the effect that 
iso-octane (2,2,4-trimethyl pentane), first discovered by 
Graham Edgar in 1927, and later used as a primary refer- 
ence fuel in the determination of knock ratings, was 
about to be produced on a large scale for incorpora- 
tion in aviation fuels. At the present time it is being pro- 
duced in large quantities and has already demonstrated its 
great value as a component of fuels for high-output aero- 
engines. The methods by which iso-octane may be pre- 
pared are dealt with in detail elsewhere, and it suffices here 
to mention its properties and uses. 

By definition of the terms of reference at present used 
for the expression of anti-knock value, iso-octane has 
an octane number of 100. This is, however, purely an 
arbitrary standard, and it is possible that with the intro- 
duction of new fuels of anti-knock values of this order a 
new scale or standard will have to be adopted. Whatever 
blends of aviation gasoline and iso-octane may be used 
in aviation, it is practically certain that tetra-cthyl lead will 
be used still further to increase their anti-knock value. 
Iso-octane blends have good lead response, and it is possible 
to produce fuels having octane numbers up to 110 with 
normal lead concentrations. 

In February 1936 Klein presented details regarding work 
carried out by the Material Division of the U.S. Army 
[38, 1935]. Four fuels were tested on the basis of compara- 
tive performance with 92 octane number fuel to specifica- 
tion no. Y3557-G. These were: 

1. 50% iso-octane +50% aviation gasoline+3 c.c. lead. 

2. Same as 1, but containing 6 c.c. lead. 

3. Reference fuel C 6+8*5 c.c. lead. 

4. 37*5% iso-octane +37*5% high anti-knock fuel half 
composed of aromatics+25% pentane+1 c.c. lead. 

Engine tests failed to reveal any substantial difference 
between 1 and 2, which differ only in lead content. In 
the case of No. 4 fuel, the iso-octane was used to increase 
the lead susceptibility of the aromatic fuel and the iso- 
pentane was added to correct distillation properties. 

On the basis of tests in Wasp and Cyclone Aero-engines, 
Klein concluded that iso-octane blends were highly satis- 
factory. 

On the other hand, Wood [66, 1936] has described tests 
in the water-cooled Rolls-Royce ‘Kestrel’ aero-engine in 
which a 95/96 octane number non-aromatic iso-octane 
blend was inferior from the detonation point of view to 
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a 92 octane 30% aromatic fuel to DTD. 224 specification 
containing 7 c.c. lead. It would appear that iso-octane 
blends show to advantage in air-cooled engines, where the 
disadvantages of overheating attached to the aromatic 
fuels mitigate against their satisfactory use. 

Fig. 1 shows the octane numbers of blends of iso-octane 
and isopropyl ether in the same aviation gasoline. 



Fig. 1. Octane ratings of isopropyl ether and iso-octane in 
aviation gasoline. 


(c) Di-isopropyl Ether. 

Contrary to the behaviour of di-ethyl ether, which is a 
violent knock inducer, isopropyl ether, along with some 
other ethers, has been found to be possessed of good 
anti-knock properties [3, 1936]. The physical properties 
of this substance, together with corresponding values for 
benzene and pure iso-octane, are given in the following 
table. Despite its low boiling-point, the vapour pressure 
of isopropyl ether is below the maximum allowed in most 
aviation fuels and hence is entirely satisfactory in this 
respect. The freezing-point is also satisfactory. The latent 
heat is comparable with that of iso-octane, although lower 
than that of benzene, but the calorific value is lower than 
that of either hydrocarbon. This would normally result in 
a higher specific fuel consumption, but in practical blends 
the effect is counterbalanced by the ability to operate on 
leaner mixture strengths without developing excessive 
cylinder-head temperatures. 

Unfortunately isopropyl ether is slightly soluble in 
water, a fact which gives all fuel blends containing it a 
definite ‘water tolerance’. This is of considerable im- 
portance because nearly all fuels are stored in tanks con- 
taining a water bottom, and in the U.S. Army Air Corps 
water displacement storage systems are in use. Tests 
carried out by Buc and Aldrin [3, 1936] have shown that 


the solubility of water in a 60/40 aviation gasoline-iso- 
propyl ether blend at IT F. (22® C.) is much higher than 


Table I 


Boiling-point, " C. at 760 mm. 

Isopropyl 

ether 

67-8 

1 Pure iso- 
octane 

99-4 

! Benzene 
79-4 

Density, 20/4° .... 

0-725 

0-691 

0-878 

Refractive index at 20° C. . . i 

1*3680 

1*3921 

1 5014 

Freezing-point, ° C. . 

-87 

-108 

+ 5 

Viscosity, centipoises at 20° C. 

0-322 

0-543 

0 647 

Latent heat, B.Th.U. per lb. 

123 

130 

170 

Gross calorific value, B.Th.U. per 
lb 

16,900 

20,580 

17,650 

Net calorific value, B.Th.U. per lb. 

15,600 

19,200 

I 17,000 

Net calorific value + latent heat, 
B.Th.U. per gal. 

93,100 

111,400 

: 125,700 

Reid vapour pressure, lb. per sq. 
in. at 100° F ! 

! 5-3 i 

2-2 

3-2 


in a corresponding benzole blend or in aviation gasoline 
alone — thus : 

Solubility of watery 
ml. per 100 mi. 
fuel at 72^ F. 

Aviation gasoline .... 0 007 
„ +40% benzole . . 0 022 

„ +40% isopropyl ether . 0 055 

Similarly, the amount of water which separates from a 
saturated fuel solution is greater in the case of an iso- 
propyl ether blend than in the case of a benzole blend, as 
shown in the following figures, which refer to the amount 
of water in ml. per 100 ml. fuel separated on cooling a 
saturated solution at 70 to —20'' F. (21 to —29® C.). 

Aviation gasoline .... 0 0005 
+40% benzole . . . 0 003 

,, +40% isopropyl ether . . 0 0055 

With legard to storage stability, Buc and Aldrin [3, 1936] 
have stated that this is satisfactory in the presence of benzyl- 
amino-phenol gum inhibitor, and this is important as the 
case with which isopropyl ether forms explosive peroxides 
in storage has recently been remarked upon. 

A comparison between the properties of an isopropyl 
ether aviation spirit blend, an iso-octane blend, and 
the U.S. Army specification requirements for 100 octane 
number aviation spirits is given in Table II. 

The anti-knock properties of di-isopropyl ether may be 
summarized as follows: 

1. Blended in commercial aviation gasolines of 85-7 
octane number, a fuel of 1(X) octane number (U.S. 
Army method) is possible with about 40% concen- 
tration of isopropyl ether without exceeding a tetra- 
ethyl lead concentration of 3 c.c. per U.S. gal. 

2. The blending value of isopropyl ether is slightly 
superior to that of technical iso-octane in unleaded 
blends and also superior for any fixed amount of 
tetra-ethyl lead in corresponding blends. 

3. When blended with 74-5 octane number aviation 
gasoline, and without exceeding 3 c.c. of lead per 
U.S. gal., an octane number of 101-2 is the maximum 
possible when using technical iso-octane as a blending 
agent, whereas isopropyl ether will give at least 105 
octane number in concentrations of about 65 % or over. 

4. The amount of tetra-ethyl lead necessary to meet a 
given octane number is less for isopropyl ether than 
for technical iso-octane in blends containing the same 
percentage concentrations. 
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TAfiLE II 

100 Octane Number Aviation Fuels 




U.S. Army .specification i 

Isopropyl ether aviation 

lso~octane aviation 



100 b.N. fuels 

spirit blend 

spirit blend 

Octane number (U.S. Army method) .... 


100 

100 

100 

M.L. tetra-ethyl lead per U.S. gal 


3 max. 

3 

3 

Copper dish corrosion test ..... 


must pass ; 

passes 

passes 

Gum after accelerated, ageing test, mg. per 100 ml. 


10 max. 

9-8 

5-0 

Sulphur, % wt. 


0-10 max. 

002 

0-02 

Distillation test: ■ 

Per cent, condensed at 150° F. (65 5" C.) . 



8-5 

• 5 0 

„ 158° F. (70 0" C.) . 



220 

8 0 

„ evaporated at 167" F. (75 0" C.) . 


10 min. 

47-5 

140 

„ 212" F. (100"C.) . 


50 „ 

900 

640 

„ 275" F. (135 0" C.). 


90 „ 

99 0 


Sum of 10% and 50 evaporation points in " F. 


307 „ 

319 

364 

Per cent, residue ....... 


2 max. 

1-0 

10 

Reid vapour pressure at 100" F. .... 


7 lb. max. 

6 0 

60 

Freezing-point ......... 

Water tolerance: 

Ml. change in volume of 20 ml. water after shaking with 

-76" F. (-54 4" C.) max. 

i 

below - 148" F. i 

below — 148" F. 

80 ml. gasoline at 75" F. ...... 

Product of gross calorific value (B.Th.U. per lb.) and specific 

2 max. 

! 

nil 

1 

nil 

gravity ........ 

Specific gravity : 


13,700 

i 

14,310 1 

14,350 

Gross calorific value, B.Th.U. per lb. ... 



19,360 

20,820 

Net ... 



17,890 

19,410 

„ ,, ,, [ latent heat, B.Th.U. per lb. . 


i 

18,120 

19,550 

B.Th.U. per gal. (U.S.) 



; 109,400 

114,500 

Composition ........ 


i not specified 

40% isopropyl ether in | 
aviation gasoline 1 

45 "o iso-octane in 
aviation gasoline 


The question of cruising range possible with various 
fuels naturally raises the question of the limitation of iso- 
propyl ether blends due to their lower heat of combustion 
per gallon. Buc and Aldrin have stated, however, that this 
is counterbalanced by the fact that satisfactory engine 
operation can be obtained on such blends by working at 
mixture strengths leaner than usual with normal aviation 
fuels or with aviation fuels containing iso-octanc. Also, 
the lower calorific value of isopropyl ether may be over- 
come by using blends of higher octane number than is 
possible with iso-octane. 

Di-isopropyl ether may be produced from propylene 
(available in enormous quantities in cracked gases) via 
isopropyl alcohol. 

With regard to the anti-knock value of other ethers, 
practically no information is available in the literature, 
although one statement has been made to the effect that 
di-tertiary butyl ether is rather more effective than di- 
isopropyl ether [37, 1936]. 

{d) ‘ Safety ’ Aviation Fuels. 

Considerable attention has recently been given to 
aviation fuels for spark-ignition aero-engines having high 
flash-points — the so-called ‘Safety’ Aviation Fuels. 

Perhaps the greatest argument in favour of such fuels 
for use in aircraft is the elimination of the fire risk that 
is ever present when normal fuels are employed. The 
elimination of this fire risk would do much to popularize 
aircraft and to make the public at large more air minded. 
Attempts to provide fuels of high flash-point suitable for 
modem aero-engines may be divided into two classes. In 
the first trials have been made with kerosines and white 
spirits containing tetra-ethyl lead in quantity sufficient to 
give the high octane numbers required. These trials have 
not been completely satisfactory, although the adoption of 
other carburetting arrangements may enable such fuels 


to be used with advantage. The most important safety 
aviation fuels are those produced by a special use of the 
high-pressure destructive hydrogenation process. In this 
the hydrogenation is applied to feed stocks such as the 
extracts obtained in the Edeleanu treatment of kerosines 
and gas oils, and the product obtained is distilled into two 
fractions. The bottom fraction comprises the ‘safety’ fuel 
and the overhead product a normal aviation fuel. The 
following example of such an operation has been given 
by Byrne, Gohr, and Haslam [5, 1932]. 


Feed stock 


Sp. gr 

Per cent, sulphur 
Aniline-point 
Initial boiling-point 
Final boiling-point 


090 

0-89 

10" F. (-12" C) 
175-5" C. (348" F.) 
299" C. (570" F.) 


Product I Light aviation fuel | Safety fuel 


Yield on feed, % . 
Specific gravity 
Flash-point (Abel) 
Colour. Saybolt 
Doctor test . 

Corrosion test 
Initial boiling-point 
Final boiling-point 
Octane number (S30 en- 
gine, 300" F. jacket 
temp.) 


29 

0-783 


30 

negative 


passes 

100" F. (37-8" C) 
335" F. (168-4" C.) 


55 

0-885 

107" F. (41-6" C) 
28 

negative 

passes 

309" F. (154" C.) 
411" F. (210-6" C.) 


83 


93 


The satisfactory use of such fuels demands special 
carburetting arrangements because of their non-volatile 
character, but developments recently made in the applica- 
tion of solid injection indicate that this method is better 
able to make use of the valuable properties of such fuels. 
Conventional carburettors have many limitations and dis- 
advantages — they demand a sufficiently high fuel volatility 
so that the fuel may be at least partly vaporized and carried 
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by the air stream into the cylinders, and as a metering 
device, for both air and fuel, they leave much to be desired. 
Moreover, they limit the volumetric efficiencies of engines 
on which they are used because of pressure drop through 
their restrictions and actual mechanical load of carrying 
the fuel. 

For some time the idea of using the mechanical system 
of injection, as used in the Diesel engine, has been receiving 
attention both in America and in England, and much 
experimental and development work along these lines has 
been carried out. Mechanical fuel pumps are used to inject 
the fuel into the engine cylinders, and the moment of in- 
jection is timed to take place at any convenient time be- 
tween the beginning of the suction stroke and the end of 
the compression stroke. Generally better fuel economy 
and greater power is obtained by injecting after the closing 
of the inlet valve. By injecting in this way, the fuel is 
metered mechanically and is distributed in exact quantities 
directly to the cylinder for which it is intended, thus over- 
coming all the distribution problems of the conventional 
carburettor and induction system. 

The advantages of this method of operation are numer- 
ous. Generally the optimum power output is increased 
from 10 to 20%, due to increased volumetric efficiency 
(due to absence of fuel and air preheat) and improved 
distribution. The engine becomes more responsive to varia- 
tions in fuel supply because the fuel is handled mechani- 
cally and positively and the time lag of the carburettor is 
completely eliminated. Starting is also claimed to be im- 
proved because of the atomization obtained on injection. 
A further advantage, with particular regard to aviation 
conditions, is that freezing of the carburettor due to ice 
formation at high altitudes is completely eliminated. 

Such a development is likely to play an important part 
in aircraft operation in the near future, especially in con- 
junction with fuels of high octane number, such as iso- 
octane blends — in addition to safety fuels. 

Experimental work on the direct injection of fuel into 
spark-ignition engines has been carried out by Taylor and 
Williams [59, 1931-2]. The engine used was a stan- 
dard C.F.R. unit coupled to a dynamometer and a Bosch 
cam-operated plunger type fuel pump driven through a 
planetary gear drive, which permitted easy adjustment of 
the injection timing. The injection valve was of special 
design, and its position with respect to the combustion 
chamber was such that the axis of the spray cone made 
an angle of 45° with the cylinder axis. A shrouded 
inlet valve was employed to give various types of tur- 
bulence. Tests were carried out on a normal aviation 
spirit, a safety aviation fuel of the above-mentioned 
characteristics, and a straight petroleum distillate (I.B.P. 
- 240° C. 80% distillate at 316° C.)— all of which were 
examined at a compression ratio of 5 to 1, at full throttle 
and at 1,000 r.p.m. With the aviation spirit it was found 
that the best performance was obtained when injection 
began simultaneously with the closing of the inlet valve, 
and under these conditions the power output increased 
by 5-7%, and the specific fuel consumption decreased 
by 6-1 1 % as compared with a carburettor. The heavier 
fuels, surprisingly enough, had a wider permissible range 
of injection timings than the normal aviation spirit and 
could be injected at the low compression ratio of 4 to 1 
as late as HO"" after bottom centre, whereas the normal 
aviation spirit could not be injected later than 90° without 
misfiring. However, with injection later than bottom 
centre, a fair degree of directed turbulence was found 


essential to give proper distribution of the fuel through the 
combustion space and to assure homogeneity of the charge 
to obtain good combustion. The best performance was 
obtained on the safety fuel — this giving the highest 
B.M.E.P. and the lowest specific fuel consumption. 

It is understood that the Pratt and Witney Aircraft 
Company of East Hartford, Connecticut, U.S.A., are ac- 
tively interested in this new development, and announce- 
ments have been made to the effect that the British 
Government’s Aeronautical Research Committee have pur- 
sued work on this subject beyond the stage of preliminary 
experiments and are continuing their investigations. 

A short review of the possibilities of direct injection has 
been given by Ensor [16, 1935]. 

Hydrocarbon Fuels produced by the Catalytic 
Treatment of Water Gas 

The production of liquid fuels from coal has been 
investigated for a considerable period and syntheses via 
coke and water gas have assumed commercial importance, 
particularly the high-pressure methanol and higher alcohol 
synthetic processes. These, and other developments, are 
shown diagrammatically in the following chart. 

Table III 

Synthesis from Coal via Coke and Water Gas 

Coal carbonisation 

I" I ' 1 

Gas Coke or scmi-cokc Tar 

— Steam 

Water gas (CO ^ H.) 

By treatment with 
specific catalysts 


At atmospheric 
pressure 

1 

At atmospheric 
pressure 

At high pressure 

At high pressure 

1 

I 

Methane 

Saturated and 

Complex 

1 

Pure methanol 

(Sabatier) 

unsaturated 

mixture of 

and/or mixtures 


hydrocarbons. 

oxygenated 

of higher 


Kogasin 

compounds 

alcohols 


(Fischer and 

(Badische Co. 

(Badische. Patart 


Nash) 

and ‘Synthol’ 
of Fischer) 

and Audibert) 


Sabatier [56] pointed out in 1905 that, as two of the 
valency directions of carbon monoxide (one of the two 
constituents of water gas, hydrogen being the other) are 
unsatisfied, the molecule will combine with oxygen, sul- 
phur, and chlorine, and it should combine therefore with 
hydrogen to give formaldehyde and then methyl alcohol. 
The use of a nickel catalyst gave methane only. 

It appears that up to the year 1913 the formation of 
methane, carbon dioxide, and water were the only estab- 
lished reactions when carbon monoxide and hydrogen 
were passed over a catalyst. In 1913 appeared a patent 
of the Badische Company (G.P. 293,787 (8 March 1913), 
with additions 295,202 (31 May 1914) and 295,203 (23 
June 1914), and corresponding B.P. 20,488 of 1915) de- 
scribing the formation of liquid hydrocarbon and oxy- 
genated compounds by passing carbon monoxide together 
with an excess of hydrogen over a catalyst. Pressure was 
employed and temperatures higher than 250° C. The 
catalyst mentioned was alkali and zinc carbonate on 
pumice. Attempts to verify the claims of these patents 
were made by Fischer and Tropsch with no success. 
However, the use of a modified catalyst led to the desired 
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results, and the iron-alkali catalyst developed by these 
investigators gave from water gas at about 400° C. and 
several atmospheres pressure a product, called ‘Synthol*, 
which compressed a mixture of aliphatic alcohols, alde- 
hydes, ketones, acids, esters, and hydrocarbons [26, 1923-5]. 
Subsequent to 1913 numerous patents were taken out 
by the Badische Company relating to the synthesis of 
liquids — particularly methanol — from water gas, and a 
great variety of oxides and metals have been specified as 
suitable catalysts. 

In France similar investigations were carried out by 
Patart [50, 1925] and Audibert [1, 1925]. Patart was 
mainly interested in methanol production and demon- 
strated that at 400-420° C. and 150-250 atm. pressure 
methanol was produced from water gas using zinc oxide 
as catalyst. Audibert investigated the catalytic activity 
of various sub-oxides such as CrO, UaOj, &c., and found 
that methanol was produced in a pure condition at 225- 
300° C. At temperatures higher than 300° C. other organic 
compounds, water, and methane appeared in the products. 
The addition of a strong base to one of the active sub- 
oxides induced the formation of a mixture of compounds 
which formed an aqueous and an oily layer similar to the 
mixture obtained by Fischer and Tropsch. Comparatively 
small yields were obtained by the use of the oxides alone. 

In 1926 Fischer and Tropsch [2, 1926] described the 
production of petroleum-like hydrocarbon materials from 
water gas by atmospheric-pressure operation. The cata- 
lysts employed were the metals, or partly reduced oxides, of 
group 8 of the Periodic Classification, and it was considered 
expedient to make additions to prevent sintering and to 
accelerate carbide formation (carbides being considered 
by Fischer and Tropsch to be the intermediate compounds 
formed in this reaction). Iron and cobalt appeared to be 
satisfactory catalyst materials. The passage of hydrogen 
and carbon monoxide over iron-zinc oxide gave a mixture 
of methane and homologues, but the use of cobalt and 
chromium oxides at 270° C. led to the formation of liquid 
and solid, as well as gaseous, hydrocarbons. These 
observations were confirmed by Elvins and Nash [15, 
1926], who obtained in addition to hydrocarbons also 
oxygenated substances soluble in water when using cata- 
lysts comprising reduced copper, cobalt, and manganese 
oxides. The production of olefine hydrocarbons in the 
liquid products was also observed. 

Tests on various catalysts comprising cobalt metal used 
in conjunction with copper and other metal oxides were 
descried by Erdely and Nash in 1928 [21], who reached 
the following conclusions: 

1. At a temperature of 285° C. and atmospheric pres- 
sure, using a gas containing equal volumes of carbon 
monoxide and hydrogen, a cobalt-coppcr-zinc oxide 
catalyst was the most suitable. Nearly as satisfactory 
was a cobalt-copper-alumina catalyst, but this formed 
less oil and more water. The oil yield was highest 
with a non-promoted cobalt-copF>er catalyst, but the 
activity of this catalyst rapidly deteriorated. 

2. The best temperature for the formation of liquid 
hydrocarbons was found in the case of cobalt-copper- 
alumina catalyst to lie between 280 and 290° C. 
Above this chiefly carbon dioxide and methane were 
formed. Below 230° C. no reaction could be observed. 

3. An excess of hydrogen in the original gas mixture 
increased the formation of water, while an excess of 
carbon monoxide rapidly lowered the activity of the 
catalyst. 


4. The optimum space velocity in the case of a cobalt- 
copper-zinc oxide catalyst was about 120 vol. of gas 
per hour per unit volume of catalyst (measured at 
N.T.P.). 

The work of Fischer has continued to the present time, 
and the process for the production of liquid hydrocarbon 
fuels from water gas is now almost universally known as 
the Fischer Process — the liquid products obtained being 
known as Kogasin, The gas mixture usually employed is 
C 0 :H 2 = 1:2, and this must be free of HjS and not 
contain organic sulphur compounds to an extent greater 
than 0-2 g. per 100 cu. m. Of the catalytic materials 
available (normally used on a Kieselguhr support) cobalt- 
base catalysts appear to be favoured, giving a yield of 
130 g. of liquid hydrocarbons per 1 cu. m. of gas 
treated. Modified nickel-base catalysts have been investi- 
gated, in the production of which an aluminium or silicon 
alloy is treated with sodium hydroxide solution to give 
a skeleton of the insoluble constituents of the alloy [25, 
1934]. 

The reaction is strongly exothermic, as shown by the 
following equation given by Fischer: 

CO + 2H, - (CH,)^ {-H,04 48 kg.-cal. 

The products from the reaction comprise hydrocarbon, 
oil, and water in proportions varying from 1:1 to 1:2 
together with small quantities of gaseous hydrocarbons 
and a hard wax which becomes deposited on the catalyst. 
Small quantities, i.e. traces, of oxygenated compounds are 
present in the liquid products, and recently a number of 
fatty acids have been isolated [40, 1935]. 

The composition of the hydrocarbon products obtained 
are illustrated by the following figures referring to an initial 
gas mixture containing 20% CO and 58% Hg and a cobalt- 
base catalyst [23, 1925]. 



Boiling 


Olefine 


' range. 

?/o h y 

content. 

Component 

1 ° C. 

weight 

% yol. 

Low-boiling fraction 

. i below 30 

4 

50 

Benzine .... 

. * 30-200 1 

62 

30 

Heavy oil . . . 

. i above 200 

23 

10 

Solid paraflTin from the oil 

m.p. 50 

7 


Hard paraffin from catalyst 

m.p. 70-80 

4 



Usually the olefine content of the liquid products is 
lower when a nickel catalyst is used, or when an initial gas 
containing a greater concentration of hydrogen is employed 
— as shown in the following figures given by Fischer. 


Basic metal 
in catalyst 

Volume % of olef ines in benzine from gas 
mixtures of composition 

CO:H, - J:1 

CO:H, - J:2 \ 

CO:H. = 1:3 

Cobalt 

55 

35 

12 

Nickel 

35 

16 

5 


With regard to the distribution of olefines in the product, 
in general the olefine content falls with rise in boiling- 
point. Thus in the case of a product obtained from a gas 
of the composition CO: = 1:2, the following figures 
have been quoted. 



i 

Olefine content. 


1 Volume % 

vol. % 

Original 

. 1 100 

26 

50-100° C. . 

22-5 

39 

100-150° C. . 

. ! 20 

27 

150-200° C. . 

. 1 19-5 

18 

200-250° C. . 

. 1 13 

11 
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Table V 

Specifications for Tar-oil Fuels for Spark-ignition 
Engines 






Newcastle- 


Belfast 

London 


upon-Tyne 


Corporation 

General 

Gas Light 

and Gates- 


Gas Depart' 

Omnibus 

and Coke 

head Gas 

Specification 

ment 

Company 

Company 

Company 

Composition 

90% light 

Redistilled 

Redistilled 


and 

creosote oil 

creosote with 

creosote 


description 

(washed and 

sufficient 

mixed with 



redistilled) 

benzole to 

sufficient 



10% 90/190 

prevent 

benzole to 



water-white 

separation of 

prevent 



solvent 

naphthalene 

separation at 



naphtha 

at any low 

any temp. 




temperature 

likely to be 




likely to be 

experienced. 




experienced. 

The mixture 




The mixture 

1 to be free of 




to be free of 

water and 




water and 

adventitious 




adventitious 

matter 

matter 


Specific 

0-951 

Not below 

0-935-0-953 at 

0-922 at 

gravity 


0-935 at 

15-5“ C. 

60° F. 

15-5° C. 

Tar acids 

15?; 

Not to exceed 

4-5-8-5?o 

4% 



12% 

(approx.) 



Carbon 

0-34?/* 

Not to exceed 

Not to exceed I 


residue 

Ash ' 

0-04% 

0- 1 ?; 

i 0-1% 1 


Flash-point ! 

129° F. 


1 70° F. max. 

Below 73° F. 

Water f 

nil 

Not above 

' Not above 


1 


01% 

1 0-2% 


Distillation 

LB.P. 148“ C.t 




test 

10% at 180° C. 


1 5% at 135- 

10% at 




160° C. 

150“ C. 


20% 189“ C. 


1 10?; at 150- , 

20% at 




> 175“ C. 

165“ C. 


30% .. 198° C. 


50% at 200- 1 

1 50% at 




1 210“ C. 1 

j 190“ C. 


40% .. 206° C. 


,90% at 230- ! 

! 90% at 




1 250° C. 

! 225“ C. 


50% „ 213“ C. 


F.B.P. 225- 

F.B.P. 




; 265“ C. 

' 270“ C. 


60% „ 221“ C ' 
70% „ 230“ C.l 
80%„ 244“C. 

! 

i ‘ • 


! 90%„ 273“ C. 




Cold test 

Pour-point not 


No deposit at 



above 10“ F. 


40“ F. (sum- 



— no appre- 


mer) or 



ciable forma- 


25° F. 



tion of 


. (winter). 



crystals at 

I 

Viscosity 



0“ F. 


: 27-8 sec. 



I Redwood at j 
! 100° F. 


• Later reduced to 0 03%. t Average figures only. 

tar oil to keep the naphthalene in solution at low tempera- 
tures. The reason for a retention of a portion of the tar 
acids is partly their solvent power for naphthalene. A fuel 
of very low tar acid content is possible if larger amounts 
of benzole or naphtha are present or if the creosote is 
derived from certain types of vertical retort tar, and in 
some cases the tar acid content has been reduced to as little 
as 1-2%. More refined methods of production have been 
used by some suppliers. In some cases naphthalene has 
been removed by systematic redistillation several times, 
and in others careful filtration and settling has been em- 
ployed to ensure cleanliness. In another case, namely one 
in which a product containing only 0-5% of tar acids was 
made, naphthalene was removed from the washed creosote 
by crystallization and sulphuric acid and soda treatment 
appli^ prior to final redistillation. 

The yield of coal-tar oils to specification quality is 
limited and the cost is much greater than if a straight tar 


distillate could be employed, rising to as high as Id. to 
%d. per gallon in England. Even so, some consumers 
claimed much reduced running costs as against gasoline. 

The quantity of such fuel available in England without 
encroaching upon other markets has been estimated at 
7^0 of the whole country’s gasoline consumption, but, due 
to the present demand for creosote for hydrogenation, this 
figure has recently decreased considerably. 

Types of Vehicles on which Tar-oil Fuels have been 

employed and the Engine Alterations required. 

In view of the lack of volatility of tar-oil fuels, carbura- 
tion is much more difficult than in the case of gasolines. It 
is therefore necessary to heat the induction system quite 
considerably, and this is effected by use of heat derived 
from the exhaust gases. Sufficient heat must be applied 
to give fuel vaporization and to ensure that condensation 
of fuel cannot occur in the induction pipe and so adversely 
affect throttle response and fuel distribution. Such heating 
of the fuel charge necessarily causes a considerable loss in 
volumetric efficiency and power output. Due to the fact 
that tar-oil fuels have high final boiling-points, considerable 
crankcase dilution and contamination occurs, and, to pre- 
vent this as much as possible, cooling-water temperatures 
should be maintained at as high a temperature as is 
convenient — namely above 80° C. 

Various carburation arrangements have been developed 
for the use of such non-volatile fuels, among which the 
Solex Bi-fuel System is one of the most important, and by 
far the most widely used. This was developed in connexion 
with the pioneering work carried out in Belfast in 1929 
and comprises a large carburettor for use on the tar-oil fuel 
and a small carburettor for use on gasoline. 

In the A.E.C.-Solex system, the Solex principle is 
modified by the incorporation of thermostatic control 
which automatically changes over from one fuel to the 
other according to the temperature of the engine. 

With regard to other engine modifications necessary for 
operation on tar-oil fuels, in many cases the compression 
ratio has been increased to take advantage of the increased 
anti-knock value of the fuel. This often entails heavy 
initial costs in stiffening up the crankshaft and increas- 
ing the bearing diameters in order to accommodate the 
increased stresses involved. 

Behaviour of Tar-oil Fuels. 

Tar-oil fuels possess a number of disadvantages which 
have caused a number of users to decide that the use of 
such fuels is definitely impracticable. 

Exhaust Gases. 

These have usually a pronounced odour of creosote, but 
are clear under normal running conditions. There is 
generally evidence of smoke during the change over from 
petrol to tar oil, during acceleration, and also during gear 
changing. These objections have led to the discontinuance 
of the use of such fuels in London by London Transport 
and in Manchester by the Corporation Transport Depart- 
ment. One good feature is shown by the exhaust gases 
from engines running on tar-oil fuel — namely, the com- 
parative absence of carbon monoxide. 

Lubrication. 

Much sludge formation occurs in engines running on 
tar-oil fuels and using normal lubricating oils, although 
with castor oil lubricants this trouble is reduced. 
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Mechanical Troubles. 

These take the form of abnormal wear, overheating, 
gumming of valves, and sparking-plugs. With regard to the 
first item, the following individual instances of abnormal 
wear have been mentioned: 

(fl) Inlet-valve stems. 

(b) Crankshaft main bearings, bottom end, and cylinder 
walls. 

(c) Cylinder. 

(ci) Big-end bearings. 

(e) Valves and valve seatings. 

Figures given by the Belfast Omnibus Company are as 
follows: 

Approximate increased 
wear relative to 
petrol, % 


Cylinder ...... 50 

Timing chain . .50 

Timing gear 50 

Gudgeon pin .50 

Big-end bearing .10 

Journals ...... 10 


Furthermore, tar-oil fuels have a ver^ bad corrosive 
effect on all brass and copper fittings. 

The general concensus of opinion appears to be that the 
use of tar-oil fuels causes increased engine maintenance 
costs. 

General Conclusions on the Use of Tar-oil Fuels in 
Spark-ignition Engines 

The attempts made in Great Britain to popularize the 
use of the coal-tar oil fuels described has, in large measure, 
failed. The Belfast Omnibus Company, after using 72,000 
gal. of the fuel in 28 omnibuses over a period of nearly 
2 years, have reached the conclusion that their experience 
is unfavourable and have discontinued the use of the fuel. 
The London General Omnibus Company quite early in 
their work formed the opinion that the use of tar oil in 
their fleet is impracticable. In the long run nearly all users 
find that the disadvantages outweigh the advantages. 

Alcohol Fuels and Racing Fuels 

Alcohols are used as internal-combustion engine fuels 
in two main fields. 

1. As constituents of normal marketed motor fuels for 
use in motor vehicles. 

2. As ingredients (sometimes major ingredients) in 
special fuels for high-duty engines used in racing and 
sports events. 

In the former case the ever-increasing use of alcohols is 
brought about mainly by compulsory decrees rather than 
by any particular fuel value of the alcohols, whereas in the 
latter case these substances have properties which give 
them marked advantages over normal hydrocarbon fuels 
and are thus in good demand without the help of compul- 
sory measures. The use of alcohols as constituents of nor- 
mal fuels is rapidly gaining enormous proportions in 
Europe due to the extreme nationalist tendencies prevailing 
and due to the desire of each individual country to render 
itself as independent as possible of foreign oil supplies 
and to encourage its domestic agricultural industries. The 
following European countries enforce the admixture of 
domestic alcohol with imported motor fuels: Spain, 
Bulgaria, Italy, Latvia, Hungary, Czechoslovakia, Sweden, 
France, Germany, Yugoslavia, and Lithuania. As far as 

IV 


is known as present, Denmark, Greece, Holland, Portugal, 
Norway, Rumania, and Russia have not made similar 
restrictions. 

In Ireland the Free State Government has enforced the 
admixture of 10% ethyl alcohol with imported motor 
spirit, while the use of alcohol in this way has received 
considerable support in the Union of South Africa, 
British India, Australia, and certain South American 
countries. In the United States of America, agricultural 
interests have unsuccessfully pressed for similar legislation 
despite the vast domestic petroleum resources, but plants 
for the production of ethyl alcohol from grain are being 
erected to determine costs of production, &c. 

With regard to racing fuels, the total consumption of 
such fuels is naturally very small and does not appear 
likely to increase to any appreciable extent. Methanol 
and ethanol are often major constituents of such fuels. 

Alcohols used as Motor-fuel Constituents. 

Methanol and ethanol arc the only alcohols used to any 
appreciable extent in motor fuels. The former is mainly 
produced by high-pressure catalytic synthesis from water 
gas by processes described in another article, while the bulk 
of the ethanol used in this way is made by fermentation 
processes applied to molasses and cereals. The quantity 
of synthetic ethyl alcohol used as motor fuel is small, but 
is likely to assume important proportions at an early date. 
The higher alcohols have not yet received serious study 
from this viewpoint, despite their many advantages over 
methanol and ethanol. Such advantages include higher 
calorific value and a reduced tendency to separate from 
solution in gasoline on the addition of small amounts of 
water, and it is thus evident that the higher alcohols, e.g. 
propanols and butanols, possess attractive properties. 
Their relatively high cost prevents their adoption as motor- 
fuel constituents at present, but the rapid development of 
synthetic processes may alter the present state of affairs. 
It may be mentioned, however, that the most abundant 
raw materials for the synthesis of these materials — namely 
propylenes and butylenes which are available in cracked 
petroleum gases — have now found a much more profitable 
outlet in the form of polymer gasolines of high anti-knock 
value, and it appears that the utilization of such substances 
for the production of alcohols on a large scale has, as a 
result, been deferred for a considerable time. 

Methods Employed for the Production of Motor-fuel 

Alcohols. 

Methanol. Full details concerning the high-pressure 
synthesis of methanol from water gas are given in the 
article by D. A. Howes devoted to this subject. 

Methanol is also produced by wood distillation, but 
this has rapidly declined in recent years due to the advent 
of the cheaper synthetic process and at the present time 
is of minor importance. The process need not be considered 
as a means of producing methanol at a sufficiently low cost 
for use as fuel. The rapid decline of the wood distillation 
has also been hastened by the development of synthetic 
processes for the production of acetic acid. 

The Production of Alcohols by Fermentation Processes. 

The fermentation process for the manufacture of ethyl 
alcohol has been practised for many years. The raw 
materials are vegetable matter containing either sugar, 
starch (which has to be converted into sugar as a prelimi- 
nary to fermentation), or cellulosic materials, the cellulose 
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being converted by chemical treatment into fermentable 
sugars. In the manufacture of alcohol for potable pur- 
poses, of which the requirements are comparatively small, 
as compared with those for a liquid fuel, and for which 
a higher price is obtainable, cereal grains, such as barley 
and rye, are employed, but in the production of power 
alcohol, molasses, maize, sugar beet, and potatoes are 
more suitable raw materials. In the British Dominions 
cassava, Nipah palm juice, sweet potatoes, grasses, straws, 
and waste vegetable materials have also been considered 
in this direction. Nathan [47, 1928] has shown that for 
lack of acreage irrespective of all other considerations, the 
production of any but an infinitesimal quantity of alcohol 
for fuel purposes would be an impossibility in Great 
Britain. This is indicated in the following figures: 


into dextrose. The mash is subsequently diluted with hot 
water at 80° C. to prevent the growth of bacteria, and the 
bulk of the solid matter is separated by centrifuging. 
Fermentation is begun at a temperature of 18° C., but the 
temperature rises soon after the addition of the yeast and 
must be held at about 28° C. by the circulation of cold 
water. The fermentation process occupies 3-4 days, and 
the yield obtained commercially is c. 50% of the starch 
content of the potatoes. The alcohol content of the wash 
may reach 9-10% as compared with about 4% in wash 
from sugar molasses. It is possible to produce 96-7% 
ethyl alcohol from the wash in one operation by the use 
of modern distillation plant. A certain amount (usually 
about 1 % of the original starch content) of a low-boiling 
mixture — chiefly aldehydes — is obtained on primary dis- 


Table VI 


Material 

Area, acres 

Yield per 
acre, tons 

Total 

produce, j 
tons 1 

! Approximate requirements 

Alcohol for 1,000,000,000 gal. 

Gal. per Produce, Area in 

ton raw Gal. per millions millions 

material acre of tons of acres 

Potatoes 1 1,256,000 

Mangolds 473,000 

Sugar beet 222,500 

Jerusalem artichokes . . i negligible 

5 6 

18 8 

1 11 

1 110 

7.049.000 

8.922.000 ! 

1.450.000 
negligible 

20 112 50 9 

! 8 150 125 7 

22 170 45 5 6 

18 198 56 5 


In the case of Great Britain, the only raw materials that 
could be grown for the production of ethyl alcohol for 
power purposes (apart from wheat and grain which are 
out of the question) are potatoes, mangolds, sugar beet, 
and Jerusalem artichokes, but the cost of the alcohol 
produced from these materials is very high. 

In Germany the potato has for many years been the main 
source of industrial alcohol, potato growing being in- 
augurated more than a century ago in order to improve 
the sandy soils of east Germany, where the conditions of 
soil and climate were so unfavourable that without some 
such encouragement the country would have been in 
serious danger of depopulation. 

In 1922 Monier-Williams [44, 1922] summed up English 
conditions, as far as the production of ethyl alcohol from 
potatoes was concerned, by slating that such a develop- 
ment ‘ would, undoubtedly, demand heavy State subvention 
and would not ... be commercially practicable’. 

The commercial production of alcohol from beet has 
been practised for many years in France (and in Europe, 
generally), and a large proportion of the industrial alcohol 
now produced in that country is manufactured from these 
roots. In Great Britain subsidies are given to sugar-beet 
production as an assistance to agriculture. 

Details regarding the fermentation process for the pro- 
duction of ethyl alcohol may be found in other publications. 
The production of industrial alcohol from molasses at the 
Dagenham works of Solvent Products, Limited, has been 
described [35, 1928]. 

The production of ethyl alcohol from potatoes in 
Europe has been fully described by Williams [65, 1933]. 
After cooling the tubers are steamed under a pressure of 
2-3 atm. for 1-2 hr. in order to gelatinize the starch. The 
resulting pulp is cooled to about 50° C., an equal volume 
of water added, the temperature raised to 40° C., and 10% 
malt added. The mixture is allowed to stand for 10-15 min. 
while the starch is converted to dextrin. The temperature 
is then gradually raised to 55° C., when the dextrin is 
converted to maltose, which in turn is partially tfansformed 


filiation, and this, being unsuitable as a motor-fuel com- 
ponent, is rejected. Similarly, a small yield of fusel oil is 
also rejected. 

Synthetic Processes for the Production of Alcohols. 

The aliphatic alcohols, with the exception of methanol, 
may be produced by synthetic processes applied to olefines 
— the most convenient source of which is cracked gas. 
Two methods have been investigated, (a) the sulphuric 
acid process, and (b) the direct hydration process. 

The production of ethanol and higher alcohols from 
cracked gases is described elsewhere, in the articles by 
R. Taylor (‘Catalytic Production of Ethyl Alcohol from 
Ethylene’) and B. T. Brooks (‘Alcohols and Related Pro- 
ducts from Petroleum Olefines’). 

Properties of Methanol and Ethyl Alcohol. 

The physical properties of the lower alcohols and 
data concerning their aqueous solutions are detailed in 
Tables VII, VIII, and IX. 

Solubility relationships with petroleum spirits and data 
concerning the use of blending agents are given in a 
separate article. 

Table VII 


Physical Properties of Methanol and Ethyl Alcohol 




Ethyl 


Methanol 

alcohol 

1. Ultimate composition : 



Carbon, % weight . 

37-5 

52*1 

Hydrogen, „ . . . 

12-5 

13*1 

Oxygen, ,. . . . 

500 

34*8 

2. Boiling-point at 760 mm. Hg 

64-7® C. 

78*32® C. 

3. Specific gravity at 15-5® C. 

0*7965 

0*794 

4. Vapour pressure, mm. Hg: 

-10®C 

15*6 

5*6 

0® C 

29*65 

12*2 

10® C 

53*85 

23*6 

20® C 1 

9395 

43*9 
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Methanol 

Ethyl 

alcohol 

4. Vapour pressure, mm. Hg: 



30" C 

157-0 

78-8 

40" C 

255-3 

133-3 

50" C 

405-5 

222-2 

60" C 

619-4 

352-7 

70" C 

929-0 

542-5 

5. Absolute viscosity, centipoiscs 

0" C 

0-808 

1-77 

10" C 

0-690 

1-45 

20" C 

0-593 

1 19 

30" C 

0-515 

0-989 

40" C 

0449 

0-827 

50" C 

0-395 

0-697 

60" C 

0-349 

0-591 

6. Specific heat in liquid state, cal. 
15"/g. per "C.: 

0" C 

0-5665 

0-5355 

20" C 

0600 


25" C 


0-5810 

40" C 

06165 

06525 

7. Latent heat of vaporization at the 
boiling-point: 

Joules per g. . 

1,100 

885 

Calories per g. . , . 

263 

204-5 

B.Th.U. per lb. . . . 

473 


8. Calorific value: 

Gross. C.H.U. per lb. 

5,535 

7,122 

C.H.U. per gal. at 15" C. 

42,470 

56,. 540 

B.Th.U. per lb. . . . 

1 9,605 

12,820 

Net. C.H.U. per lb. 

4,730 

6,491 

C.H.U. per gal. at 15" C 

37,650 

51,530 

B.Th.U. per lb. . . . i 

1 8,515 

11,690 

9. Theoretical air requirements for 
complete combustion: 

Pounds of air per lb. of fuel 

6-53 

9 09 

Pounds of air per gal. of fuel . 

620 

72-35 

10. Explosive limits in air at 760 mm. 
pressure (% by volume) . 

7-05-36-5 

3-56-18 0 

11. Volume of explosive mixture per 
g. molecule of fuel . 

184 litres 

346 litres 

12. Volume ratio on combustion 

1 061 

1-064 

13. Flash-point in air, " C. (approxi- 
mate values only) 

1-1 1"C. 

11-14" C. 


Table VIII 

Specific gravities at 15° C.I15° C. of Mixtures of Methyl 
Alcohol and IVater and the Corresponding Percentages (by 
volume) of Methyl Alcohol 

(Compiled from the table published in U.S. Bureau of 
Standards Circular no. 19, 1911) 


% 

Specific 

% 

Specific 

% 

Specific 

methanol 

gravity^ 

methanol 

gravity. 

methanol 

gravity. 

by volume 

C. 

by volume 

15^115° C. 

by volume 

15^,15'^ C. 

0 

I-OOOO 

21 

0-97295 

42 

0-94593 

I 

0-99851 

22 

0-97177 

43 

0-94443 

2 

0-99703 

23 

0-97058 

44 

0-94291 

3 

0-99560 

24 

0-96939 

45 

0-94136 

4 

0-99422 

25 

0-96820 

46 

0-93979 

5 

0-99283 

26 

0-96700 

47 

0-93820 

6 

0-99146 

27 

0-96580 

48 

0-93657 

7 

0-99011 

28 

0-96459 

49 

0-93493 

8 

0-98877 

29 

0-96338 

50 

0-93326 

9 

0-98746 

30 

0-96216 

51 

0-93155 

10 

0-98621 

31 

0-96091 

52 

0-92982 

11 

0-98496 

32 

0-95966 

53 

0-92806 

12 

0-98370 

33 

0-95838 

54 

0-92626 

13 

0*98247 

34 

0-95708 

55 

0-92443 

14 

0-98125 

35 

0-95576 

56 

0-92256 

15 

0-98003 

36 

0-95443 

57 

0-92067 

16 

0*97884 

37 

0-95308 

58 

0-91877 

17 

1 0-97766 

38 

0-95170 

59 

0-91682 

18 

0-97648 

39 

0-95029 

60 

0-91483 

19 

0*97530 

40 

0-94886 

61 

0-91282 

20 

0*97413 

41 

0-94741 

62 

0-91079 


% 

Specific 

% 

Specific 

% 

Specific 

methanol 

gravity. 

methanol 

gravity. 

methanol 

gravity. 

by volume 

15°H5° C. 

by volume 

15’’ 115^ C. 

by volume 

15°115’‘ C. 

63 

0-90873 

76 

0-87836 

89 

0-83971 

64 

0-90663 

77 

0-87578 

90 

0-83623 

65 

0-90450 

78 

0-87312 

91 

0-83269 

66 

0-90234 

79 

0-87040 

92 

0-82907 

67 

0-90014 

80 

0-86760 

93 

0-82538 

68 

0-89790 

81 

0-86474 

94 

0-82163 

69 

0-89561 

82 

0-86180 

95 

0-81772 

70 

0-89327 

83 

0-85883 

96 

0-81363 

71 

0-89088 

84 

0-85582 

97 

0-80942 

72 

0-88844 

85 

0-85276 

98 

0-80514 

73 

0-88596 

86 

0-84967 

99 

0-80082 

74 

0-88346 

87 

0-84646 

100 

0-79647 

75 

1 0-88092 

88 

0-84314 




Table IX 

Density and Percentage of Ethyl Alcohol by Volume and 
Percentage by Weight at 15-56° C\ {Tralles) 

Water -0-991 


Percentage 

Percentage 

Density 

Percentage 1 Percentage 

Density 

of alcohol 

of alcohol 

at 

of alcohol 

of alcohol 

at 

by volume 

by weight 

15-56" C. 

by volume 

I by weight 

15-56^ C. 

0 

000 

0-9991 

51 

, 43-47 

0-9315 

1 

0-80 

0-9976 

52 

I 44-42 

0-9295 

2 

1-60 

0-9961 

53 

45*36 

0-9275 

3 

2-40 

! 0-9947 

54 

46-32 

0-9254 

4 

3-20 

i 0-9933 

55 

47-29 

0-9234 

5 

4-00 

' 0-9919 

56 

48-26 

0-9213 

6 

4-81 

; 0-9906 

57 

49-26 

0-9192 

7 

5-62 

1 0-9893 

58 

.50-21 

0-9170 

K 

6-43 

j 0-9881 

59 

51-20 

0-9148 

9 

7-24 

0-9869 

60 

52-20 

0-9126 

10 

8-05 

0-9857 

61 

53-20 

0*9104 

11 

8-87 

0-9845 

62 

54-21 

0-9082 

12 

9-69 

0-9834 

63 

55-21 

0-9059 

13 

10-51 

0-9823 

64 

56-22 

0-9036 

14 

11-33 

0-9812 

65 

57-24 

0-9013 

15 

12-15 

0-9802 

66 

58-27 

0-8989 

16 

12-98 

0-9791 

67 

59-32 

08965 

17 

13-80 

0-9781 

68 

60-38 

0*8941 

18 

14-63 

0*9771 

69 

61-42 

0-8917 

19 

15-46 

0-9761 

70 

62-50 

0-8892 

20 

16-28 

0-9751 

71 

63-58 

0-8867 

21 

17-11 

0-9741 

72 

64 66 

0-8842 

22 

17-95 

09731 

73 

65-74 

0-8817 

23 

18-78 

0*9720 

74 

66-83 

0-8791 

24 

19-62 

0-9710 

75 

67-93 

0-8765 

25 

20-46 

0-9700 

76 

69-05 

0-8739 

26 

21-30 

0-9689 

77 

70-18 

0-8712 

27 

22-14 

0-9679 

78 

71-31 

0-8685 

28 

22-99 

0-9668 

79 

72-45 

0-8658 

29 

23-84 

0-9657 

80 

73-59 

0-8631 

30 

24 69 

0-9646 

81 

74-74 

0-8603 

31 

25-55 

0-9634 

82 

75-91 

0-8575 

32 

26-41 

0-9622 

83 

77-09 

0-8547 

33 

27-27 

0-9609 

84 

78-29 

0-8518 

34 

28-13 

0-9596 

85 1 

79-50 

1 0-8488 

35 

28-99 

0-9583 

86 

80-71 

0-8458 

36 

29-86 

0-9570 

87 

81-94 

0-8428 

37 

30-74 

0-9556 

88 

83-19 

0-8397 

38 

31-62 

0-9541 

89 

84-46 

! 0-8365 

39 

32-50 

0-9526 

90 

85-75 

0-8332 

40 

33-39 

0-9510 

91 

87-09 

0-8299 

41 

34-28 

0-9494 

92 

88-37 

0-8265 

42 

34-18 

0-9478 

93 

89-71 

0-8230 

43 

36-08 

0*9461 

94 

91-07 

0-8194 

44 

36-99 

0*9444 

95 

92-46 

0-8157 

45 

37-90 

0*9427 

96 

93-89 

0-8118 

46 

38-82 

0-9409 

97 

1 95-34 

0-8077 

47 

39-74 

0-9391 

98 

96-84 

0-8034 

48 

40-66 

0*9373 

99 

98-39 

0-7988 

49 

41*59 

0-9354 

100 

100-00 

0-7939 

50 

42-52 

0-9335 





Anti-knock Value of the Lower Alcohols. 

Until a few years ago, the prevalent opinion with regard 
to methanol was that this substance is not capable of with- 
standing high compression ratios and that it possesses 
strong pre-ignition tendencies. This opinion is not shared 
by recent investigators, who have successfully applied 
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methanol as a fuel for automobile and aircraft engines of 
the high-duty racing type. Howes [33, 1933] has described 
tests made on engines of many different types, from air- 
cooled motor-cycle engines to supercharged eight-cylinder 
racing-car engines, varying in compression ratio from 6 0 
to 15 0 and in which no pre-ignition or knocking was 
observed when due care was taken to ensure adequate 
cooling. Further experiments on supercharged engines 
showed that methanol could be employed satisfactorily at 
static compression ratios up to 8-5 together with super- 
charger boost pressures up to 18 lb. per sq. in. gauge. In 
unsupercharged engines, compressions of over 1 5 to 1 have 
been used with satisfaction. 

It would appear, then, that methanol is a valuable anti- 
knock fuel, and it is claimed that when mixed with gasoline 
it has an anti-knock value 1-8 to 2 0 times that of benzole, 
i.e. the addition of 10% of methanol to a gasoline increases 
the knock rating of the latter to the same extent as the 
addition of 18-20% of benzole. The results of tests carried 
out in an Armstrong-Whitworth variable compression 
engine and in an Ethyl Gasoline S. 30 engine are given in 
the following table : 

Table X 

Summarized results. Antiknock value of Methanol 

A. Armstrong- WhitMorfh Variable Compression Engine. 750 r.p.m. 
Jacket temperature, 50^ C. Air-inlet temperature, 50'" C. Spark 
advance, 12“ B.T.D.C. 


; Benzole | Benzole 
equivalent j equivalent 
H.V.C.R. of blend i of methanol 


Hydrogenated petrol 


6-85 

1 


„ + 5 % methanol . 


7-15 

10-0 : 

2 0 

„ + 10°^ methanol 


7-6 

20-0 ! 

2-0 

„ + 12-5% methanol 

• j 

805 

25-1 ; 

20 

„ +15% methanol 


90 

300 1 

20 

B. Ethyl Gasoline S. 30 Engine. Jacket temperature 150 

“C. 



; C.c. 


Benzole 



1 Pb(Et) 


equivalent 


Octane 

1 per U S. 

o/ ; 

of 


number 

gallon 

! benzole 

methanol 

Reference fuel A2 



1 


+ 30% benzole . 

66 5 

00 

30 


+ 5 % methanol 

73-0 

30 

40 

20 

+ 10% methanol 

80-8 

over 10-0 

49-5 

1-95 

+ 15% methanol 

91 0 

i 

59-6 

1-93 

+ 20% methanol . [ 


I 

68 0 

19 


With regard to ethyl alcohol, the anti-knock value of 
this material has been recognized for some years and has 
not been disputed. In 1926 Ross and Ormandy [54] 
published figures which showed that 10% of ethyl alcohol 
had approximately the same effect in increasing the knock 
rating of a gasoline to which it was added as 20% of benzole. 
In 1924 Ricardo [53] found that ethyl alcohol had 
a H.U.C.R. above 7*5 to 1 and did not give any pre- 
ignition except after prolonged runs at engine speeds of 
1,675 r.p.m. Recently published work support the pre- 
vious findings of Ross and Ormandy. 

With regard to the anti-knock value of the higher alco- 
hols, the only available information is that published by 
Kuhring [41, 1934] with respect to isopropyl alcohol. This 
investigator gives the following figures for the octane num- 
bers of alcohol blends in a straight-run gasoline determined 
in a S. 30 engine running at 900 r.p.m. and 34$° F. jacket 
temperature. 


Octane 

number 


Straight-run gasoline .... 66*4 
4-10% isopropyl alcohol .710 

+ 20% 75-75 

+ 30% „ 79 

+ 10% ethyl alcohol .74 

+ 20% 79 

f 30% 83-5 


Thus, under these conditions, isopropyl alcohol is de- 
finitely of lower anti-knock value than ethyl alcohol, 30% 
of isopropyl alcohol being equivalent to 20% ethyl alcohol. 

The Use of Alcohol Fuels in Automobile Engines. 

The physical properties of the lower aliphatic alcohols 
prevent their satisfactory adoption as ordinary automobile 
fuels in an undiluted state. A comparison of their calorific 
values shows that, at the same compression ratio and over- 
all efficiency, the relative fuel consumption for a given 
power output are as follows: 

No. 1 Grade gasoline .100 

Ethyl alcohol .161-4 

Methanol .221-6 

Apart from calorific value considerations, however, there 
are other difficulties to be overcome before these alcohols 
can be satisfactorily used as undiluted motor fuels by the 
ordinary motorist. The substances have very high latent 
heats and, in consequence, do not vaporize so readily in 
a carburettor as ordinary gasolines. As a result, general 
engine flexibility suffers to a very marked extent. Further- 
more, their low vapour pressures cause greater difficulty in 
starting an engine from cold. 

For these reasons, methanol and ethyl alcohol are only 
suitable as motor fuels for ordinary automobiles when 
diluted with normal hydrocarbon fuels, such as gasolines, 
and in consequence most of the work done in developing 
alcohol fuels has been carried out with this point in mind. 
As already mentioned, alcohol-gasoline blends are being 
adopted as standard fuels in most European countries and 
are meeting with some approval from the motoring fra- 
ternity. The success, or otherwise, of such alcohol fuel 
mixtures is naturally dependent upon their composition 
and the amount of alcohol they contain, but it is by no 
means true in every respect that the greater the alcohol 
concentration the less satisfactory the fuel, or vice versa. 

The point of greatest value in favour of alcohol-con- 
taining motor fuels is their high anti-knock value, which 
enables them to be used in high-compression engines with- 
out causing knocking. This has already been dealt with 
and need not be discussed further, but this advantage is 
completely discounted if the fuels do not embody a proper 
combination of cost, power output, and rate of fuel con- 
sumption. 

A point of outstanding importance is that concerning the 
relationship which exists between the alcohol content of 
a gasoline-alcohol blend and the fuel consumption for a 
given power output. Ifthelatent heats of gasoline and alcohol 
were the same, this relationship would be linear for any 
given compression ratio, the fuel consumptions of alcohol 
and gasoline being inversely proportional to their calorific 
values. However, the large difference existing between 
these two substances in latent heats is almost as important 
as the large difference in calorific value, and it is the cause 
of very noteworthy, if somewhat unexpected, results. 

The latent heat of vaporization of a fuel determines, to 
a large extent, engine volumetric efficiency and, conse- 
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quently, has an effect on power output. In the case of 
alcohol fuels latent heat is of great importance and has a 
noticeable effect upon the fuel consumption for a given 
power output. Fig. 2 gives results obtained by Hubendick 
[34, 1928] in the examination of a range of gasoline-ethyl 
alcohol mixtures, and shows that the fuel consumption, in 
terms of heat units, is not appreciably greater with a 20% 
ethyl alcohol blend than with gasoline alone, whereas blends 
containing higher amounts of alcohol give fuel consump- 
tion in proportion to the alcohol content. 



Fig. 2. Results obtained by Professor Hubendick. 


As, in these tests, no changes in the engine conditions, 
other than an alteration in carburettor jets, were made, it 
follows that in blends containing up to 20% of alcohol, an 
increase in overall engine efficiency must be compensating 
for the lower calorific value. This higher overall efficiency 
is solely caused by the higher latent heat of the alcohol 
which causes the air consumption per cycle to be increased 
and so increases the power output. Up to alcohol con- 
centrations of 20%, therefore, the decrease in calorific 
value Of the fuel is compensated for by the increase in 
latent heat and the fuel consumption is not adversely 
affected, but in the case of blends containing more than 
20% of alcohol, the decrease in calorific value is the deter- 
mining factor and, consequently, the rate of fuel consump- 
tion increases. 

Similar results have been obtained by Howes [33, 1933] 
in tests on methanol blends on an Armstrong-Whitworth 
variable compression engine. These results cover a range 
of compression ratios and methanol concentrations, and 
show that, with the somewhat over-rich fuel-air mixture 
used, the introduction of methanol in concentrations of up 
to 15% in a 30% benzole-gasoline blend, actually increases 
the power output and decreases the fuel consumption. 
More than \5% of methanol gives a higher fuel con- 
sumption. 

It should be noted, however, that these results were 
obtained with a fuel-air mixture composition on the rich 
side, made to approximate as nearly as possible the mixture 
composition supplied by carburettors on multi-cylinder 
engines. 

The results of tests conducted over a range of fuel-air 
mixture strengths are given in Fig. 3, in the form of the 
familiar consumption B.M.E.P. loops, and it is evident 
from these that the advantage in fuel consumption, ob- 
tained with fuels containing small amounts of alcohols, are 
only obtained at mixture strengths of richer composition 
than the theoretical. At weak mixture strengths the fuel 
consumptions are entirely dependent upon the fuel calorific 
value and are higher the higher the alcohol content. 

Observations obtained on a benzole mixture and on a 


benzole mixture containing 10% of methanol at the same 
carburettor settings are numbered, and these clearly show 
the effect obtained by changing over from one fuel to the 
other at any mixture strength. 



BRAKE MEAN EFFECTIVE PRESSURE (LBS./SQ. IN.) 

Fig. 3. 

In the case of multi-cylinder engines, inequalities in fuel- 
air mixture distribution to the various cylinders noticeably 
limit the usable range of mixture strengths, and, for satis- 
factory operation, an over-rich mixture must be used in 
order to ensure that the cylinder receiving the weakest 
mixture is being supplied with a mixture that will fire 
readily and efficiently. On privately owned automobiles 
rather rich fuel-air mixtures are almost invariably used 
because they give engine flexibility over a wide range of 
speeds and loads, whereas, on commercial vehicles, the 
carburettor is adjusted to supply the weakest possible mix- 
ture, on the grounds of fuel economy and cost. 

Because of these facts, it is found that alcohol fuels con- 
taining not more than about 20% of ethyl alcohol or not 
more than 15% of methanol give no greater fuel consump- 
tion per mile than ordinary gasolines when used in privately 
owned automobiles. Thus, Howes [33, 1933] has described 
a scries of tests upon a number of different cars using 
(a) gasoline, and {b) gasoline plus 10% of methanol as fuels. 
These cars were selected haphazardly and no adjustments 
whatever were made to their carburettors or fuel systems. 
They were driven round a 17-milc circular track by their 
owners and fuel consumptions measured. The results of 
these tests show that of the ten cars used, only three gave 
higher fuel consumptions on the alcohol blend. Similar 
results have been obtained by other workers in this field. 

With regard to the behaviour of alcohol fuels in ordinary 
automobiles, therefore, if the alcohol content is kept below 
20-5% by volume (15% in the case of methanol fuels), such 
mixtures may be used with satisfaction without any altera- 
tion in carburettor setting and without any alteration in any 
way to the engine. Such blends will give approximately the 
same fuel consumption as ordinary gasoline, and will give 
about the same power output. Neither starting properties 
nor engine flexibility will be impaired to any marked degree. 
If, on the other hand, the alcohol concentration is increased 
above these limits, power output will be decreased and fuel 
consumption correspondingly increased, with the result 
that the blend will not give satisfaction, as instanced by 
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the marked unpopularity of ‘Carburant National’, in 
France, which contains 50% ethyl alcohol, and the success 
of ‘LattbentyP, containing only 25% ethyl alcohol, in 
Sweden. 

The Use of Alcohol Fuels in High-duty Racing Engines. 

The alcohols methanol and ethanol find ready applica- 
tion as fuels for high-duty engines in racing events, and so 
on. In such applications, where fuel economy is not a 
major consideration and where maximum power is essen- 
tial, these alcohols offer many advantages over straight 
hydrocarbon fuels or hydrocarbon 
fuels doped with anti-knock agents. 

As is generally known, there is no 
relation between the calorific value 
of a fuel and the power output 
which may be obtained by its use, 
calorific value only determining the 
quantity of fuel required to do this 
work. Therefore, if fuel economy is 
not the prime requirement, the two 
factors which control power output, 
as far as the fuel is concerned, are 
(a) latent heat of vaporization, which 
determines the volumetric efficiency 
obtainable, and (b) knock rating, 
which determines the highest engine 
compression ratio which may advan- 
tageously be employed. 

The lower alcohols are therefore 
capable of giving very high-power 
outputs in high-compression engines 
because their anti-knock properties 
are very good, and because their 
latent heats of vaporization are much 
higher than those of hydrocarbons. 

High rates of fuel consumption must, 
however, be employed in order to 
obtain this advantage, and this con- 
sideration limits the use of undiluted 
alcohols as fuels in racing and record- 
breaking events to short-distance 
runs. For long-distance races the 
high fuel consumption, which deter- 
mines the amount of fuel carried by 
the machine consuming it, more than 
counterbalances the increased power output obtained, and 
such fuels cannot compete in general suitability with high 
anti-knock hydrocarbon fuels. 

Little information is available concerning this special use 
of alcohol fuels, although Howes has describ^ results 
obtained in various single-cylinder motor-cycle engines and 
multi-cylinder automobile engines, both supercharged and 
unsupercharged [33, 1933]. 

It is of interest to note that the air-speed record until 
recently held by Great Britain was obtained using a special 
fuel, of which methanol was a major constituent. 

Of the racing fuels sold in Great Britain, a large propor- 
tion of these contain either methanol or ethyl alcohol in 
large concentrations. 

General Properties of Alcohol -gasoline Blends. 

Distillation Characteristics. Both methanol and ethyl 
alcohol form a whole scries of constant boiling mixtures 
with hydrocarbons normally present in motor fuels. These 
constant boiling-point mixtures have boiling-points lower 


than those of their constituents, and as a result the distilla- 
tion curves of alcohol-gasoline blends show a decided 'alco- 
hol flat’ as shown in Fig. 4, from which it is evident that 
the addition of 10% by volume of alcohol to a gasoline in- 
creases the proportion of material boiling at 60° C, from 
6 to 10%, although ethyl alcohol itself boils at 78° C. 

Measurements of Reid vapour pressure indicate an in- 
crease in vapour pressure when ethyl alcohol is added to 
gasoline, the maximum increase occurring when the alco- 
hol content is 1 5 % by volume. At this point the increase 
is about 1 lb. per sq. in. 


Effect on Rust, 4&c., deposited in Fuel Tanks. When 
alcohol fuels are used for the first time in an automobile 
that has been run on gasoline for a considerable period, 
trouble in the form of choked gasoline filters and carburettor 
jets is almost invariably caused. This is due to the fact 
that alcohols and alcohol-gasoline mixtures are extremely 
good solvents for resins deposited from gasolines and for 
solder fluxes, &c., left in the fuel system. They are also 
particularly effective in loosening rust deposits from the 
inside surfaces of tanks and fuel lines. Such materials 
quickly block up carburettor jets and choke filters inserted 
in the fuel lines. It is therefore necessary when changing 
over from a gasoline to an alcohol blend thoroughly to clean 
out the fuel system with the latter before putting the auto- 
mobile on the road, otherwise inconvenience may be 
caused. Once the fuel system has been thoroughly cleaned 
out no further trouble results, although it recurs imme- 
diately after gasoline has been used again. 

Alcohol fuels have also an extensive solvent action uj)on 
lacquers and shellacs, and if allowed to come in contact 
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with the paint work of certain cars have a disastrous effect 
upon it. The case has been described of a gasoline tank 
varnished on the inside with a spirit varnish. When an 
alcohol fuel was placed in the tank, the varnish was com- 
pletely dissolved and subsequently deposited in the induc- 
tion pipe of the engine. 

Ease of Starting and Acceleration. It has been shown 
that the addition of 10% of ethyl alcohol to gasoline makes 
it possible to start at lower temperatures than with gasoline 
if the atmospheric temperature is not below 0° F. ; but if 
the atmospheric temperature is below — 10° F., lower 
starting temperatures are possible with gasoline than with 
a 10% blend of alcohol and the same gasoline. When 20, 
30, or 40% alcohol blends are used, the main effect is to 
raise the minimum temperatures for satisfactory starting 
above those for the 10% blends, and this effect would be 
very marked with the 40% blends. 

In the tests carried out by the U.S. Bureau of Standards 
with 15 different cars (May 1933), it was found that drivers 
of cars reported slightly poorer acceleration with alcohol- 
blended fuels. Numerous experimental investigations have 
shown that, when the mixture ratio and the spark-setting 
are adjusted to optimum values, the same acceleration may 
be obtained with a 10% alcohol blend as with gasoline, at 
the expense of about 3-4% increase in fuel consumption. 
The increase in fuel consumption would be approximately 
double this amount when using a 20% alcohol blend 
I2a, 1936]. 

Vapour Lock with Alcohol-gasoline Blends. The ten- 
dency to vapour lock of any gasoline or gasoline-alcohol 
blend can be gauged from the Reid vapour-pressure value, 
the tendency increasing with increasing vapour pressure. 
It has been fbund that with a 10% alcohol blend the vapour 
pressure is increased by an average figure of 0-8 lb. per 
sq. in. over the vapour pressure of the original gasoline. 
The increase in vapour pressure in blending 20% of alcohol 
with gasoline is approximately 0*5 lb., and in the case of 
a 40% blend there is a decrease in vapour pressure of about 
0*5 lb. per sq. in. on blending. However, the use of high 
percentages of alcohol increases fuel consumption and 
tends to reduce the ease of starting [2a, 1936]. 

Effect of Alcohol Fuels on Engine Temperatures. When 
running on alcohol fuels, engine temperatures are usually 
lower than when running on gasolines, and the greater the 
alcohol content of the blend the lower the temperature. 
This is due mainly to the higher latent heats of the alcohols, 
which give a lower induction-stroke temperature and, con- 
sequently, a slightly lower average temperature over the 
whole cycle, but the lower flame temperatures of alcohol 
fuels also play a part. 

In the case of 95% ethyl alcohol, Ricardo [53, 1924] has 
shown that the temperature at the end of compression is 
about 70° C. lower than in the case of gasoline, while the 
maximum flame temperature attained will be, approxi- 
mately, 170° C. lower. Consequently the loss of heat to 
the cooling water and that due to change of specific heat, 
&c., is substantially reduced. 

Fig. 5 has been plotted from Ricardo’s data and shows 
the heat distribution observed when running on petrol and 
on 95% ethyl alcohol, at a compression ratio of 5 45, and 
at mixture strengths giving the maximum efficiency. The 
horizontal scale denotes the number of B.Th.U. per hour 
supplied to the engine in the form of fuel, and the vertical 
sc^e the percentage accounted for in I.H.P. and cooling 
water. The upper curves, i.e. those referring to the heat lost 
in the exhaust and by radiation, are plotted by difference. 


The reduction in cooling-water temperature experienced 
when running on alcohol blends containing up to 40% of 
alcohol amounts to 15° C., and may be an advantage or 
a disadvantage, depending upon circumstances. Thus in 
hot summer weather a lower radiator temperature is to be 
desired, especially in hilly country, but in wintry weather 
it may cause excessive deposition of liquid fuel upon the 
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Fig. 5. Results by Ricardo. Compression ratio 5 45 to I. 


engine cylinder walls, and may lead to crankcase dilution, 
excessive lubricating-oil consumption, and poor cylinder 
lubrication. Because of the lower radiator temperatures 
obtained when running on alcohol blends, these fuels re- 
quire a longer time for the engine to become thoroughly 
warmed up, this causing a lack in general flexibility on 
starting the engine from cold. 

Crankcase Dilution and Cylinder Wear. Little precise in- 
formation is available regarding the extent of crankcase 
dilution experienced with alcohol fuels, but it would appear 
that this phenomenon would occur to about the same 
extent as with petrols. With high alcohol blends, however, 
in which cases a large amount of liquid fuel enters the 
engine cylinder, crankcase dilution may be somewhat 
higher than normal. Harsh running, ascribed to the wash- 
ing action of the fuel on the cylinder walls, has been said 
to be a peculiarity of alcohol fuels, but this does not find 
general support, although Egloff says that harshness of 
running is so marked when starting from cold that the 
engine will not deliver anything approaching its full power 
for some time. Examination shows that the moving parts 
are much drier and free from lubricant than when ordinary 
gasoline was used. 

Carbon Formation. Little conclusive evidence on this 
point is available, and no reliable conclusions can be made. 

Corrosive Properties of Alcohol Fuels. The aliphatic 
alcohols are much more corrosive to the metals commonly 
employed in automobile construction than normal hydro- 
carbon fuels and much trouble has been caused as a result. 
The most general trouble is corrosion of brass and alumi- 
nium carburettors, fuel lines, and fuel tanks, due to the 
fact that alcohols readily attack aluminium (and more 
particularly magnesium) to form alcoholates and hydrogen. 
In the case of brass, the corrosion appears to be accelerated 
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by electrolytic action and the presence of metallic couples. 
Methanol blends are much more corrosive to the above 
metals than ethyl alcohol blends. In the case of carburetted 
alcohol-air mixtures, these are normally no more corrosive 
than the corresponding hydrocarbon-air mixtures. Exhaust 
gases from alcohol fuels are definitely corrosive at tem- 
peratures below the dew-point because of the presence of 
organic acids. 

Gaseous Fuels 

The following gaseous fuels have been considered in 
some detail as possible fuels for spark-ignition internal- 
combustion engines: 

1 . Town's gas. 

2. Hydrogen. 

3. Paraffin and olefine gases derived from petroleum. 

4. Producer gases. 

These may conveniently be considered in this order. 

Town’s Gas. 

The use of town's gas as a fuel for high-speed internal- 
combustion engines dates back to pre-War days, when, as 
at present, large quantities of town's gas were used for the 
‘ running in * of high-speed engines primarily designed for 
running on petrol. 

In those days the compression pressures used in engines 
of this type were comparatively low, with the result that 
when running on town’s gas the maximum power developed 
did not reach that obtained with gasoline. 

During the period of the War many types of vehicles 
were run on gas, owing to the shortage of gasoline, the 
gas begin stored in the majority of cases in large flexible 
bags, usually housed on the roof of the vehicle, and 
where the compression ratios of the engines were reason- 
ably high the thermal efficiencies realized were of a 
high order. 

The main difficulty which presented itself, however, was 
the somewhat limited capacity of fuel storage, which re- 
sulted in the radius of action of the vehicle being somewhat 
restricted. 

At that time the possibility of storing gas in the com- 
pressed form in steel cylinders was given serious considera- 
tion, but it was found that this scheme was impracticable 
owing to the weight of the containers being too great in 
comparison with the amount of gas stored. 

During the last 10 years a considerable amount of re- 
search work has been carried out in England and also in 
Europe in connexion with the manufacture and use of high- 
tensile alloy-steel cylinders, made from nickel-, nickel- 
chrome-, and nickel-chrome-molybdenum steels and of 
sufficiently low weight to enable a vehicle to carry a reason- 
able supply of high-pressure gas. In England the City of 
Birmingham Gas Department have been very active in 
encouraging the use of compressed town’s gas in auto- 
mobiles, while in France the Societe du Gaz in Paris 
have also carried out much original work on the same 
lines. In Germany the Stuttgart Gas Works have been 
supplying consumers with compressed town’s gas for 
some time. 

The investigations carried out by the City of Birmingham 
Gas Department have been very complete, and the results 
obtained may be described in some detail as being repre- 
sentative of general experience. In a paper published by 
C. M. Walter [62] in 1932 the following conclusions were 
arrived at as a result of work done to that date. 


1. The thermal efficiency of high-speed internal-com- 
bustion engines when supercharged is greater when 
using town’s gas than when gasoline is used, and is 
further increased by carburetting the gas with benzole. 

2. The thermal efficiency with gasoline as a fuel is de- 
creased by the application of supercharging. 

3. The maximum power developed with gas alone is 
lower than that obtained with gasoline. 

4. The carbon monoxide content of the exhaust gases is 
considerably less with town’s gas as a fuel than in the 
case of gasoline. 

5. Gas is more responsive to supercharging than gasoline, 
the power output being increased to a greater 
extent. This is corroborated by the fact that with 
supercharging the thermal efficiency is only de- 
creased by 0-25 % on town’s gas compared with 6*45 % 
on gasoline. 

6. The thermal efficiency obtained with town’s gas is 
further increased by increasing the compression ratio. 
(Note: this applies to gasoline also.) 

7. The performance of the engine is very much improved 
by saturating the gas with gasoline or benzole, the 
amount of gasoline required being about 0 75 gal. 
per 1,000 cu. ft. of gas. 


From these results it may be assumed that with a standard 
type of engine having a compression ratio of 5 to 1, 1 
gal. of petrol would give about the same performance 
under average conditions of running as 265 cu. ft. of gas 
of 475 B.Th.U. per cu. ft. calorific value — this figure being 
reduced as the compression ratio is increased. It would 
also appear that in the case of gas carburetted with benzoic, 
this figure would be reduced to about 200 cu. ft., the car- 
buretted gas having a calorific value of 575 B.Th.U. per 
cu. ft. 

In 1933 Walter [63] described further work, a short sum- 
mary of which is as follows: Experimental work was carried 
out on the compression of town’s gas and the use of light- 
weight storage cylinders suitable for mounting on vehicles 
for storing the gas at working pressures up to 3,000 lb. 
per sq. in. 

TTie dimensions of these cylinders approximate to 8 in. 
outside diameter and 73 in. long, with a wall thickness of 
0 22 in. The internal volume is 1-76 cu. ft., and thus at 
a working pressure of 200 atm. the volume of free gas con- 
tained is about 352 cu. ft., and the approximate weight of 
each bottle empty is 1 19 lb. The number of bottles carried 
depends on the size and type of vehicle. 

Alloy-steel bottles of this type are being manufactured 
by Vickers-Armstrong, Limited, Newcastle-on-Tync, and 
the Chesterfield Tube Company. In the case of a test 
specimen from a bottle made by the former firm the fol- 
lowing results were obtained : 


Ultimate strength 

Yield 

Impact 

Elongation 

Reduction of area 


67-9 tons per sq. in. 
59 5 „ 

53 0 ft. lb. 

22 - 8 % 

59% 


Bending test: Bent through an angle of 180° without cracking. 
Limit of proportionality, i.e. maximum stress at which strain 
is proportional to load, 47 tons per sq. in. 


In the case of vehicle bottles with a working pressure of 
3,000 lb. per sq. in., the wall thickness is such that the 
maximum working stress is 25 tons per sq. in., whilst in 
the case of the stationary storage cylinders where a working 
pressure of 5, OCX) lb. per sq. in. is employed, it is proposed 
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that a working stress of not more than 16*7 tons per sq. in. 
should be employed, this giving a factor of safety of three 
in the case of cylinders heat treated to give an ultimate 
strength of 50 tons per sq. in. 

Vehicle Equipment. The complete equipment necessary 
to operate a vehicle on town’s gas includes: 

A battery of storage cylinders of the type already de- 
scribed, suitably attached to the chassis frame and inter- 
connected by means of solid-drawn steel pipes fitted with 
suitable valves of forged steel. 

The number of storage cylinders employed will, of 
course, depend on the type and weight of vehicle and the 
mileage required from a single charge. 

Further, a suitable reducing valve to reduce the pressure 
from the working pressure in the storage cylinders to any 
desired pressure at the engine inlet is required, in addition 
to an air-gas mixer which takes the place of the ordinary 
carburettor. 

The usual form of reducing valve employed consists of 
a two-stage diaphragm type, so designed as to reduce the 
pressure from, say, 3,000 lb. per sq. in. to 5 lb. per sq. in. 
in the first stage, and from 5 lb. per sq. in. to any pressure 
that may be required at the air-gas mixer in the second 
stage. 

The valve areas are such that at all loads the requisite 
flow of gas into the induction system is maintained. 

With the system at present employed the pressure of the 
gas is reduced to sub-atmospheric in the second stage of 
the reducing valve, in order to ensure that when the engine 
is stationary the supply of fuel is automatically cut off, as 
the second-stage valve will only operate when under the 
influence of the depression caused in the induction system 
by the engine suction. It might, however, be desirable with 
certain designs of engines to arrange for the gas to be sup- 
plied at a slight positive pressure in order to maintain a 
high volumetric efficiency over a wide range of loads. In 
the latter case, the gas and air required would be admitted 
to the cylinders through independent valves, and not as an 
admixture. 

With regard to air-gas mixers, the results of experimental 
work carried out with engines on bench tests and also on 
vehicles running under service conditions indicate that 
when the gas and air are admitted to the induction system 
by means of a choke, the most satisfactory way of obtaining 
the best admixture of air and gas is to reduce the gas pres- 
sure to atmospheric pressure or slightly below and to 
depend on the suction of the engine to cause both air and 
gas to be induced into a choke tube of suitable dimensions, 
where intimate mixing takes place. In the case of certain 
designs of engines, it has also been found to be advan- 
tageous to introduce velocity tubes in the induction mani- 
fold further to assist admixture of gas and air by bringing 
them more into intimate contact. 

The type of mixer at present employed consists of a 
Venturi choke tube through which the air is drawn, the gas 
entering through ports, in the form of slots, arranged at 
right angles to the air stream, these ports being suitably 
placed circumferentially around the contracted section of 
the choke tube itself. 

The advantage of being able to ensure a constant air-gas 
ratio over a wide range of speeds with this simple type of 
mixer will be apparent, as the volume of gas and air induced 
into the induction system will follow closely the square root 
law, the proportion of air to gas thus remaining constant 
over a wide range of throttle opening. 

An economic study of the possible use of compressed 
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town’s gas as a substitute for petrol has recently been pre- 
sented by Cook [8, 1936], who points out, quite rightly, 
that the fundamental objection to the use of compress^ 
gaseous fuels is the difficulty of carrying sufficient gas for 
economic mileage range, as the radius of action of a gas- 
propelled vehicle is restricted by the size and weight of 
storage cylinders to some 60-70 miles on a single charge. 
Cook concludes that gaseous fuels cannot compete econo- 
mically with Diesel oil at its present price, and would only 
show to advantage if the price of Diesel fuel rose consider- 
ably. Moreover, it is concluded that, taking all relevant 
charges into account, compressed gas can only compete 
with petrol fuel in the case of vehicles of less than 2 tons 
capacity. The truth in such conclusions is borne out by 
the fact that at the present time there are only about 24 
gas-driven vehicles on the roads of the United Kingdom — 
although gas-filling stations are available at both Birming- 
ham and Chesterfield. The reason for the lack of develop- 
ment is the advance of the Diesel engine — especially for 
buses and heavy, long-distance lorrie|jS. 

Hydrogen as a Fuel for Internal-combustion Engines. 

A very early attempt at producing an internal-com- 
bustion engine proposed the use of hydrogen as a fuel. In 
1820 the Rev. A. Cecil read a paper before the Cambridge 
Philosophical Society on ‘The Application of Hydrogen 
Gas to produce a Moving Power in Machinery’. This 
engine followed current practice and depended on atmo- 
spheric pressure and the partial vacuum produced by the 
explosion of hydrogen in air. The engine is said to have 
run satisfactorily. Very little more attention was given to 
the use of hydrogen as a fuel until quite modern times. 
A new impetus was given by the possibility of using hydro- 
gen as an additional fuel in the gasoline or Diesel engine used 
in lighter-than-air aircraft, rather than releasing the hydro- 
gen to waste, as progressive fuel consumption lightens the 
airship. 

In Aeronautical Research Committee Reports and 
Memoranda no. 1029 experiments are described on the 
use of hydrogen in this way. Hydrogen was not considered 
by the experimenters as likely to increase the thermal effi- 
ciency of the gasoline engine. On the other hand, Ricardo 
[53, 1924] has called attention to the very wide range of 
weak mixtures of air and hydrogen that can be used, 
enabling power output to be controlled by the quality of 
the charge. With a rich mixture, even at a compression 
ratio as low as 3*8 to 1, violent pre-ignition was observed 
accompanied by firing back into the carburettor. Very 
good results were obtained at a compression ratio of 7 to 
1, provided the I.M.E.P. was maintained below 74 lb. per 
sq. in.; at this point detonation occurred. 

Most of the experimental work reported on the use of 
hydrogen as a fuel has been conducted by the Erren 
Motoren G.m.b.H., an account of which has been given 
by Erren and Campbell [22]. 

Paraffinic and Olefinic Gases derived from Petro- 
leum, &c. 

Experiments were carried out in Germany some years 
ago to obtain a gas fuel suitable for use in airship engines. 
As the production of a gas consisting of one chemical entity 
presented difficulties, ‘Blaugas’ was considered the most 
suitable and was ultimately used satisfactorily. The first 
stage of its manufacture consists in the production of 
‘Pintsch Gas’ by cracking a mineral oil such as ‘mineral 
seal oil’, Scotch shale oil, or Russian Solar oil at 600- 
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700® C. The resultant gas, freed from carbon dioxide and 
sulphur compounds by lime treatment, is compressed to 
about lOatm., when a small proportion of liquid hydrocar- 
bons separates. The gas is then compressed to 100 atm. and 
cooled, and yields a liquid consisting of ethane, propane, 
butane, propylene, and butylenes with ethylene and me- 
thane in solution. This liquid is "Blaugas’ and contains 
39% paraffins; it can be used at compression ratios up to 
9 to 1. In America suitable fuel of a similar composition 
has been prepared from natural gas by similar methods. 
Under the name ‘Pyrofax’ liquefied propane containing 
about 2% butane has been marketed in U.S.A. The Graf 
Zeppelin has used this fuel in some of its flights, sometimes 
mixed with hydrogen and sometimes with natural gas. 

Detailed experiments on the use of oil gas as a fuel have 
been described by Helmore [32]. Using a gas containing 
49% methane, 36% ethylene, and 6% hydrogen, very pro- 
mising results were obtained. In a Ricardo E. 35 engine 
it was found impossible to cause back-firing into the fuel 
intake with this gas either by varying mixture strength or 
engine speed, the en^e being capable of being brought to 
a standstill by this means at either end of the mixture range. 
No signs of detonation or pre-ignition were observed at 
7 : 1 compression ratio. Engine tests carried out with this 
fuel on a Rolls-Royce 350-h.p. aero-engine confirmed the 
single-cylinder results, the absence of detonation and ten- 
dency to misfire being maintained. Very smooth running 
and improved distribution were obtained, whilst easy start- 
ing and flexible control over the whole mixture range was 
found to result. Satisfactory results on oil-gas kerosine 
mixtures were also obtained. 

Vogt [61, 1935] has described engine tests on butane fuel. 
Using a single-cylinder variable compression engine, he 
found that it was possible to increase the compression ratio 
appreciably over that allowable when operating with gaso- 
line, but the fuel consumptions were higher with butane 
than with gasoline under comparable conditions. This 
agrees with general road experience. The maximum power 
output was greater with butane. 

The liquefied gas industry in America is undergoing great 
expansion, the products being used mainly in domestic 
heating appliances, oven-heating, and metal-cutting. 
Liquefied gases — both propane and butane — are sold in 
large quantities at 5-10 cents per gallon. Distribution is 
effected in tank cars and truck units. 

In the United Kingdom liquefied butane has recently 
appeared on the market, while in France butane has been 
sold for some years. In Germany liquid propane has been 
marketed by the I.G. for some time. In steel cylinders 
of similar capacity, propane gives 10 times the quantity of 
heat available from town’s gas compressed to 150 atm. 

With regard to the utilization of such fuels for internal- 
combustion engines, the octane numbers are of consider- 
able importance. The following values have been reported 
[27, 1932]: 

Blending Octane Numbers 

I 212'^ F. jacket temp, j 300'' F. jacket temp. 


Ethylene 

1 85-5 1 

82-5 

Propylene . 

102 0 1 

94-5 

1 -Butene 

! ni-5 1 

950 


;f-Butane has an octane number of 91, and iso-butane an 
octane number of 99 [48, 1936]. 

Producer Gases as Engine Fuels. 

With regard to this development, numerous difficulties 
are encountered, due to the slowness of operation of the 
gas generator and to impurities in the resulting gas. The 
weight of the generator and the weight of the solid fuel 
carried is also a disadvantage. 

The equipment consists essentially of a small gas pro- 
ducer and a gas scrubber. The former comprises a fuel 
hopper and a small, refractory, lined, insulated, combustion 
chamber, which is fitted with a grate which must be de- 
signed to avoid difficulty from clinkering. Webster [64, 
1932] has described such an arrangement for burning low- 
temperature coke, in which the producer can be operated 
on up-, down-, or combined draught. Water flows into 
a vaporizer above the refractory or into the annular space 
around the base, according as the draught is up or down. 
The gas cleaner and scrubber consist of an oblong box 
fitted with shutters through which the gas passes, after 
which it is filtered through wood wool before it passes to 
the engine. The generator is operated by the engine suc- 
tion. A fire of wood sticks is started in the combustion 
chamber, the hand blower is used for a few minutes, and 
the hopper is fitted with coke. The engine is started on 
spirit, and after running a few moments is switched over 
on to gas. 

The coke requirements of such small producers are 
stringent. Suitable cokes are those that are high in volatile 
content, low in moisture, and of low ash content. Gas 
coke is not suitable. According to Webster, with low- 
temperature coke at 305. per ton, the fuel cost per B.H.P.H. 
is 0176 pence, whereas, with motor fuel at I 5 . per gallon, 
the fuel cost is 1 024 pence per B.H.P.H. 

Details concerning the sizes of the producers used on 
automobiles in this way have been given by Charles-Roux 
[6, 1931]. 

Raw wood and wood charcoal have been used as gas- 
producing materials. The former, however, gives rise to 
troublesome tarry substances carried away in the gas. 
Charcoal is the cleanest fuel to employ. 

To obtain satisfactory results with such gaseous fuels, 
the engines must be modified to run at a higher compres- 
sion ratio and a greater degree of turbulence in the cylinder 
head. The power output from a normal gasoline engine is 
reduced when running on gaseous fuels. Figures have been 
quoted regarding a test in a four-cylinder Chevrolet vehicle, 
94-mm. bore and 102-mm. stroke, which, when operated 
on gas from birch wood containing 20-30% moisture, gave 
40% less power than with gasoline at a compression ratio 
of 4-64. When the latter was raised to 61, the decrease 
in power was still about 20%. One kilogram of wood 
was found to be equivalent to 210 g. of motor spirit 
[42, 1930]. 

Apart from a slight saving in fuel cost, such producer- 
plant equipment has nothing to commend it. It is heavy, 
cumbersome, and unsightly, and it materially reduces the 
overall reliability of the motor vehicle. On the other hand, 
the use of portable producer-gas plants of this type has 
been advocated by Russell [55, 1933]. 
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Introduction 

The motor spirits marketed generally to-day have an 
average boiling range of, say, 35 to 200° C. and, speaking 
broadly, they do not differ to any considerable extent as 
regards volatility. Certainly the premium grades are more 
volatile than the cheaper grades, but the variations in 
volatility or boiling range between the different spirits used 
for transport purposes are much less than the variations 
between the different types of solvent spirits. Such petro- 
leum solvents may vary in volatility from the 60/80° C. 
spirit used for perfume extraction to the white spirit used 
in oil paints, with an approximate boiling range of 
150/200° C. 

It would naturally be to the advantage of the supplier if 
the number of different grades were minimized, but this 
is a difficult problem since the requirements of different in- 
dustries are so varied that many different types of spirit 
must be available. Moreover, even for the same purpose, 
the larger buyers usually have their own specifications, 
with which their purchases must obviously conform. For 
these reasons the number of available grades of petroleum 
solvents must always be considerably higher than the 
number of transport grades, and because of this fact, com- 
bined with the relatively small manufacturing yields, and 
the necessity for segregated storages to avoid contamina- 
tion, the solvent spirits must be more expensive than the 
transport spirit grades. 

Manufacture. 

As the quantities involved are, from a refinery standpoint, 
comparatively small, the different ‘cuts’ are usually pro- 
duced by periodic or batch distillation, in stills fitted with 
fractionating columns. Where larger quantities are re- 
quired, e.g. with white spirits, distillation may be carried 
out in a continuous type still. Since distillation of the basic 
spirit cannot be stopped whilst a laboratory analysis is 
being carried out, it follows that the only control test dur- 
ing the distillation must be a check of the specific gravity 
of the distillate coming from the still, but experience of 
previous distillations will enable an operator to know 
exactly when to change over from one grade to another. 
Two receivers are necessary for each grade so that delivery 
can be effected from the receiver, containing tested material, 
whilst the stock in the second receiver is being built up 
from the stills. Separate lines and pumps are usually 
necessary for each grade, so as to avoid any contamination 
between grades. 

Types of Solvent Spirits Available. 

It is impossible to give anything like a complete list of the 
many different spirits available, since these differ consider- 
ably in distillation range, and also in composition according 
to the nature and origin of the basic spirit from which they 
are distilled, apart from which many of them are given a 
more or less intensive treatment with sulphuric acid and/or 
oleum to reduce the aromatic content or to improve the 
odour. The following table will give an indication of the 


diversity of types of solvent which have been produced to 
meet industrial requirements. 


Typical Petroleum Solvent Spirits 


Type . . 1 

I 

2 “ 1 

3 


i 

6 

7 

8 

Sp. gr. at 60^ F. 
Distillation : 

Initial boiling- 

0 685 

0 768 j 

1 

0792 

8 

30 

0 

0 864 

1 0 710 i 

1 

0 704 1 

0 760 

point c C.) . 

10 "o distilling to i 

35 

75 

1 

100 

115 

185 

70 i 

1 45 

1 10 

( C.) . . ] 

50% distilling to 1 

45 

1 



193 


62 

117 

! 

rc.) . . j 

90% distilling to 

57 

1 80 

108 

129 

196 

76 ! 

! 80 

123 

rc.) . 

Final boiling- 

69 

i 



i 201 


95 

137 

point r C-.) 
Flash-point 

86 

! 

120 

160 

210 

90 


160 

(closed) (“ F.) . 

Aromatics ( % by 

1 below 

i 

: below 

I 73 

1 below 
73 

45 

app. 

154 

below 
, 73 

below j 

! 

below 

1 

wt.) 

Kauri butanol 

i • • 

1 25 

! 

43 

40 

60 

2 

1 7 

12 

number . 
Dilution ratio 

1 

1 

: 49 

1 56 

1 

53 

56 

1 

32 

: 32 

i 

37 

(butyl acetate) . 
Dilution ratio 

i 

, 1 55 

1 65 

: 1 6 

1 1 65 

1 22 

i 1 22 

1 25 

(ethyl acetate) . 

! •• 


! 1 55 

1 

1 


115 




Solvents 2, 3, and 4 are produced from a basic spirit rich 
in aromatic hydrocarbons, whilst solvents 6, 7, and 8 arc 
made from a basic spirit of relatively low aromatic content. 
Solvent 6 is given a fairly intensive oleum treatment. 

The Kauri butanol numbers quoted have been deter- 
mined by the usual method, whilst the dilution ratios have 
been obtained using the method described by Durrans in 
his book Solvents. 

Applications of Petroleum Solvents 
Perfume Extraction. 

The flower petals are extracted with cold solvent in a 
closed apparatus, the solvent then being separated by dis- 
tillation, leaving a perfumed wax. The extracted perf^umes 
are chemically very unstable, and a low-boiling solvent of 
type 6 is employed, free from sulphur and unsaturated 
bodies and of low aromatic content. 

Seed Extraction. 

The oil from oil-bearing seeds, e.g. cottonseed, rape, 
linseed, and castor, is removed from the seeds either by 
pressure in a hydraulic press or by extraction with a suit- 
able solvent. Usually the processes are combined, the 
residue from the press being extracted with a close range 
petroleum solvent. Linseed, for example, contains about 
36% of oil, and hot expression removes about 26%, leaving 
10% to be extracted by solvent. It is essential to use a 
spirit of good odour, free from unsaturated bodies, but 
opinions differ as to whether an aromatic type solvent is 
necessary. The usual solvent is type 6, although many 
buyers employ a less volatile solvent. 

Allied to the extraction of oils from seeds is the extrac- 
tion of cocoa butter from the cakes or pulp obtained by 
pressing cocoa beans. The type of solvent used is similar 
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to that used in oilseed extraction, and here again a solvent 
free from unsaturated hydrocarbons is essential. 

Bone Degreasing. 

Bones and other animal refuse are the raw material used 
for the manufacture of animal glue, bone manures, and 
bone fertilizers. The bones are crushed and are then 
extracted in a suitable steam-heated extractor with a solvent 
spirit. The solvent removes the oil and grease, the extract 
being run off and distilled with steam to yield fatty material, 
which is then distilled to give a white fatty acid used in 
candle manufacture. 

In the extraction of bones it is essential to use a solvent 
with an end point not exceeding, say, lOS"" C., since the 
solvents of higher end point tend to dehydrate the glue 
substance unduly, giving a product of inferior adhesive 
quality. On the other hand, the boiling-point of the 
solvent must be sufficiently high to ensure that the bones 
are gradually dried during the extraction, so that the 
solvent may have a chance to extract the fats completely. 

Other refuse such as fish offal or the waste food from 
restaurants is treated in a similar manner to produce fish 
meals, poultry foods, &c. 

Dehydration of Alcohol. 

When a mixture of alcohol and water is distilled a 
constant boiling mixture of approximately 95 .i% alcohol 
content is produced, but if a third liquid, e.g. benzol, is in- 
troduced the result is a ternary mixture of the approximate 
composition 1\% of water, 74% benzol, 18J% alcohol, this 
mixture boiling at 64-9'^ C., a temperature below the boiling- 
point of any of the three components. By this means it is 
possible to distil off practically all the water, leaving behind 
an alcohol of 99-9% strength. 

In practice it is usual to employ, as the third liquid, not 
benzol alone but a mixture of 2 volumes benzol, 1 volume 
petroleum solvent, the latter of distillation range 90/100"* C. 
or 90/1 05° C. 

The ternary mixture from the rectifying still is condensed 
and separated, the mixture of benzol and petroleum solvent 
being returned to the rectifying still, and the aqueous 
alcohol being concentrated by distillation to about 94% 
strength before going back through the cycle. By using a 
mixture of benzol and petroleum solvent, instead of straight 
benzol, the separation of the aqueous alcohol layer during 
condensation of the ternary mixture is facilitated, and the 
purity of the anhydrous alcohol from the rectifying still is 
slightly increased. 

Cellulose Lacquer Diluents. 

Nitrocellulose lacquers consist essentially of nitrocellu- 
lose dissolved in comparatively expensive organic solvents, 
together with resins, plasticisers, and, in the case of coloured 
lacquers, pigments. The solvents can be divided into three 
general classes, the alcohols, esters, and ketones, and since 
no one solvent combines all the properties which are 
desirable, a mixture of solvents must be employed. 

In order to cut down production costs it is customary to 
include in the lacquer formula a proportion of diluent, 
either of petroleum or coal-tar origin. It must be appre- 
ciated that these diluents are actually diluents and not true 
solvents and the percentage employed is limited by this 
fact, since excess of diluent throws the nitrocellulose out of 
solution. For this reason the diluent must be so selected, 
both as regards quantity and quality, that it evaporates at 
the same rate as, or rather more rapidly than, the true 


solvents in the lacquer. If the diluent is too volatile, pin- 
holes or blisters may be produced when the lacquer film 
dries, but if it is of too low volatility and evaporates more 
slowly than the true solvents there will be an over-con- 
centration of diluent in the film as it dries and the nitrocel- 
lulose will be thrown out of solution, giving rise to what is 
known as ‘blushing’. 

It is usual to employ petroleum diluents of comparatively 
narrow distillation range, with a volatility comparable with 
that of coal-tar toluol, and with an aromatic content as 
high as possible. Generally speaking, the higher the per- 
centage of aromatics the greater is the proportion which 
can be included in a lacquer without precipitation of the 
nitrocellulose, i.e. the greater is the so-called ‘dilution 
ratio’ of the product. The main types of diluent used are 
distillates of high aromatic content, e.g. types 2, 3, and 4 
previously mentioned. These solvents correspond approxi- 
mately in evaporation rate with coal-tar benzol, toluol, and 
solvent naptha respectively. 

It is of interest to note that special restrictions were intro- 
duced by the Cellulose Solutions Regulations, 1934, as 
regards the use of benzol (because of its toxic properties), 
and if the benzol content of a cellulose solution is more 
than 15% by weight the receptacles must be legibly marked 
as containing benzol. 

Printing Inks. 

The problems of the photogravure ink industry are, in so 
far as the choice of a suitable solvent is concerned, very 
similar to those of the maker of cellulose lacquers. The 
essential properties are a satisfactory rate of evaporation 
and as high an aromatic content as possible. Solvents of 
the types 2, 3, and 4 are used, type 2 being employed where 
a very volatile diluent, for high-speed printing, is necessary. 
In the In-tag process, for example, where 40,(X)0 copies 
an hour may be produced, the paper travels at the rate of 
1,200 ft. per second and the ink must dry off completely 
in a fraction of a second. 

The Rubber Industry. 

Various types of petroleum solvent are utilized in the 
different branches of the rubber industry. Large quantities 
are consumed by the tyre manufacturers and by the 
rubber-proofing industry and smaller, but still appreciable, 
amounts by makers of golf balls, tennis balls, rubber 
gloves, &c. 

Petroleum solvents for the rubber industry should be 
free from very volatile fractions which lead to increased 
evaporation losses and enhanced fire risks, and also free 
from very heavy or high-boiling fractions which cannot 
easily be removed from the finished goods. In consequence, 
the spirit employed for rubber proofing, in the manufac- 
ture of such goods as waterproof garments or ground-sheets, 
is a product as shown under type 4. Where the proofing 
machines work very rapidly, or where the length of travel 
of the proofed cloth before it is rolled is unduly short, a 
more volatile solvent (type 7) is used. 

Petroleum solvents have replaced almost entirely the coal- 
tar solvents which were formerly used in rubber proofing. 
The main reasons for this are (a) a more carefully controlled 
distillation range and evaporation rate, (b) absence of 
complex sulphur bodies and unsaturated hydrocarbons 
which might affect the ageing properties of the rubber, and 
(c) their lower toxicity, a factor of importance in badly 
ventilated or congested workshops. 

In the cold-cure process allied to rubber proofing some 
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manufacturers have had a certain measure of success with 
a solution of sulphur chloride in a volatile solvent of 
types 1 or 2 instead of in the more conventional carbon 
disulphide. 

The solvents used by the tyre industry differ very con- 
siderably, many of the buyers having their own specifica- 
tions, particularly with concerns subsidiary to, or allied 
with, tyre manufacturers abroad. Some makers use a spirit 
of the Aviation type with distillation range 40/150° C., 
others a narrow cut as type 3, still others a heavier cut as 
types 4 and 8. 

The Leather Trade. 

A solvent of narrow distillation range (type 3, for 
example) is used in the leather trade for what is known as 
‘benzine degreasing’, and large quantities of solvent are 
used in the boot and shoe industry in the form of so-called 
rubber cements. 

In the manufacture of boots and shoes a volatile solvent 
is necessary for making up the rubber solutions used as 
cements, type 7 being a typical solvent. Solvents of low 
aromatic content are usually favoured, firstly because of 
their less strong odour and secondly because such cements 
do not penetrate the leather, with a risk of consequent 
staining, to the same degree as cements made up with 
highly aromatic solvents. 

Dry Cleaning. 

In dry cleaning, the soiled articles are treated in mecha- 
nical washers similar to those used in laundries, petroleum 
spirit being used instead of water. From the washer the 
goods are transferred to centrifugal extractors, where the 
spirit is separated and subsequently recovered and put back 
into circulation. The recovery is effected by distillation, 
although some plants combine redistillation with a chemi- 
cal decolorizing process. 

Some of the smaller dry cleaners use ordinary motor 
spirits, but the larger dry cleaners use white spirit, with 
initial boiling-point about 150° C. and final boiling-point 
about 195° C. The white spirits, with flash-points over 
73° F., come outside the restrictions of the Petroleum 
Consolidation Act of 1928, so that a user of white spirit 
does not have to conform with the requirements of that 
Act as regards storage licences, &c. 


Typical White Spirits. 


Type 

A 

B 

C 

Specific gravity at 60° F. . 

0-765 

0-784 

0-815 

Initial boiling-point (° C.) . . I 

151 

153 

154 

10% distilling to (° C.) 

158 

158 

159 

50% .. .. ec.) 

166 

167 

166 

90% „ (°C.) . . ! 

180 

182 

176 

Final boiling-point (° C.) . 

193 

196 

194 

Flash-point (° F.) . 

98 

98 

98 

Sulphur (%) .... 

0-01 

0-01 

0-01 

Kauri butanol number 

32 ' 

1 34 

46 

Aromatics ( % by weight) 

16 

1 18 

45 


Type A is produced from a highly paraffinic crude, 
type C from a highly aromatic crude, whilst type B is made 
from a crude of intermediate character. 


Paints and Varnishes. 

The main application of white spirit is its use as a thinner 
in paints and varnishes. Originally it was introduced as a 
substitute for American turpentine and was marketed as 
‘turpentine substitute’, but white spirit has proved itself 
the equal of genuine turpentine and now sells on its merits. 

White spirits, apart from having the correct boiling 
range and evaporation rate, must have a good odour and 
be free from deleterious sulphur compounds which might 
affect the colour of the pigment (particularly lead pigments) 
in the paint. They must also be free from any grease or 
non-volatile residue. 

Where synthetic resins are being used as a constituent of 
a paint it is essential to use a white spirit of high aromatic 
content, since otherwise precipitation of the resins might 
occur. A product such as that shown earlier as type 5 has 
been used successfully in such cases. 

Other Applications of White Spirit. 

Amongst the many applications for white spirit, apart 
from its use in oil paints, arc: 

1. The production of boot polishes and creams, and of 
furniture and floor polishes. These arc made up with 
white spirit and various waxes as a basis. 

2. The manufacture of floorcloth and linoleum, where 
white spirit is incorporated in the paints used in this 
industry. 

3. The production of metal polishes and polishing pastes, 
which consist essentially of mixtures of white spirit 
with abrasive earths. 
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Petroleum hydrocarbons do not dissolve cellulose acetate 
or nitrate which form the basis of ‘cellulose lacquers’, and 
the direct use of hydrocarbons in lacquers is limited to 
that of diluents added mainly for the purpose of reducing 
the cost of the lacquer; but in petroleum we have a raw 
material from which can be and are made a wide variety 
of solvents used regularly in the manufacture of lacquers; 
indeed it is quite possible that petroleum may in time to 
come be the sole ultimate raw material from which 
industrial organic solvents will be made. 

The solvents made from petroleum may be placed into 
two classes, those arising from ‘straight fractions’ and 
those from the gaseous by-products of cracking processes, 
the former being saturated paraffins and the latter olefines. 

From the saturated paraffins we get certain chloro- 
paraffins such as methylene dichloridc and carbon tetra- 
chloride and also amyl alcohols and their esters, while the 
olefines serve as raw materials for other chloro-hydro- 
carbons, a wide range of aliphatic alcohols and their esters 
and ethers— also acetone and homologous ketones and 
their products. 

The production of chlorinated derivatives from petro- 
leum is described elsewhere in contributions by H. B. Haas 
(‘The Chlorination of Methane and its Homologues’; ‘The 
Addition of Halogens to Olefine Bonds’) and will not be 
reviewed here. 

Aliphatic Alcohols and Acetates 

The manufacture of aliphatic alcohols from petroleum 
has been accomplished for a number of years, mainly from 
the olefines produced by the cracking of petroleum. 

The gases resulting from the pyrogenic decomposition 
of petroleum vary in composition according to the material, 
process, and apparatus used : in general they consist mainly 
of hydrogen, carbon monoxide and dioxide, methane and 
higher paraffins, ethylene, propylene, butylenes, higher ole- 
fines, and dienes. High-temperature vapour-phase cracking 
methods yield gases relatively rich in olefines with ethy- 
lene preponderating. Cracking temperatures of 600-650'' C. 
normally lead to gases containing upwards of 50% of 
unsaturated hydrocarbons of which about one-half is ethy- 
lene and 5 to 9% butylene. Low-temperature liquid-phase 
cracking methods yield propylene as the main olefine in 
quantity up to 10% of the gases, while ethylene is present 
to the extent of about 5% and butylene 4%. 

These gases serve as raw material from which are manu- 
factured ethyl alcohol, iso-propyl alcohol, sec.- or tert.- 
butyl alcohols, and isomeric amyl alcohols. The industrial 
process consists essentially in absorbing the olefines in 
sulphuric acid and subsequently hydrolysing the alkyl sul- 
phates. The preliminary separation of the olefines one 
from another is not customary, but can be effected by 
liquefaction with cold and under pressure followed by 
fractional distillation [4]. Normally the process consists in 
progressively treating the dried gases with sulphuric acid 
of progressively increasing concentration and under varying 
conditions of temperature. One method [5] is a continuous 
process in which the gases are treated serially in a system of 


towers, first with 80% sulphuric acid to remove the higher 
olefines more reactive than propylene such as diolefines 
and amylenes, then retreatment with 90% sulphuric acid 
at a temperature below 20^ C. It is possible to effect almost 
quantitative separations of the various olefines by appro- 
priate treatment — thus at 30' C. sulphuric acid of 66% 
strength absorbs iso-butylene almost exclusively, 85% acid 
absorbs a- and j3-butylenes, 94% acid absorbs propylene, 
while 98% acid at lOff' C. is required for ethylene: the 
yields of alcohols which can be obtained are 100% of the 
theoretical of tert. -butyl alcohol from iso-butylene, 80% of 
.s^c.-butyl alcohol from jS- and i3-butylenes, 90% of iso- 
propyl alcohol from propylene. 

It has also been proposed to absorb the olefines under 
pressure in a solvent oil, such as the liquid paraffin, and then 
to dissolve the olefines selectively with the appropriate 
strengths of acid either batch-wise or by a continuous 
process [40]. 

The absorption of ethylene in sulphuric acid was found 
by Sidgwick and Plant in 1919 to lead to the formation of 
not only ethyl hydrogen sulphate but also to diethyl sulphate 
[34, 1919, 1921], by conducting the process under pressure 
the yield of diethyl sulphate can be increased [27] while the 
rate of reaction may be accelerated by the use of copper, 
iron, and silver catalysts [16, 1922, 1924]. The diethyl sul- 
phate which is formed in this manner separates out of the 
reaction mixture and may be removed, and in this manner 
the proportion of ethylene which can be absorbed in a given 
quantity of sulphuric acid is considerably increased with 
consequent advantage in the recovery process subsequent 
to the hydrolysis to alcohol. 

Propylene is more easily absorbed than ethylene by sul- 
phuric acid, and for this reason weaker acid and lower 
temperatures may be used, thus avoiding the formation of 
polymers which result from treatment with strong acid, 
such as, for instance, 98% acid at 25° C. which leads to 
the immediate formation of a mixture of saturated and 
diolefinic open chain polymers. 

The ease with which olefines react with sulphuric acid 
to form sulphuric esters attains, in general, a maximum 
with the amylenes and hexylenes: of the butylenes the iso- 
butylene is much the most reactive, being soluble in 17% 
acid. Propylene and a-butylene dissolve at about the same 
rates in sulphuric acid of any given concentration, while 
/3-butylene dissolves at about twice the rate and iso- 
butylene at a rate estimated at as much as 40 times as fast 
as oc-butylene [25, 1930] at 25° C. 

The factors which govern the rates of formation of 
the alkyl sulphates are the structure of the olefine, the 
strength and proportion of the acid, and the time of con- 
tact. The olefines may be divided into the three following 
groups [28, 1929]: 

1. Those which dissolve readily in 60-70% sulphuric 
acid yielding tertiary alcohols on hydrolysis and which 
are easily polymerized by hot dilute acid or by con- 
centrated acid, e.g. iso-butylene, tri-methyl ethylene, 
/9-methyl a-butylene. 

2. Those which are almost insoluble in sulphuric acid of 
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all concentrations which on hydrolysis yield no 
secondary alcohol and only a trace of tertiary alcohol 
and which polymerize more slowly than those of 
group 1, e.g. iso-propyl ethylene. 

3. Those which dissolve in 75-85% sulphuric acid 
yielding secondary alcohols on hydrolysis and which 
are much more resistant to polymerization than those 
of the other groups, e.g. a-butylene, ^-butylene, 
a-amylene, and i9-amylene. 

The reactivity of the amylenes decreases in the following 
order [29, 1927]: 

1. Tri-methyl ethylene. 

2. j3-methyl a-butylene. 

3. i?-amylene. 

4. a-amylene. 

5. Iso-propyl ethylene. 

The olefines 1 and 2 react much more readily than 3 and 4 
while 5 polymerizes without forming sulphate, a- and 
)3-amylenes can be readily converted into secondary alcohols 
by shaking with equal volumes of 84% sulphuric acid, 
diluting the solution with 8 vols. of water, and distilling. 

Generally with increase of molecular weight from ethy- 
lene to the amylenes greater reactivity with sulphuric acid 
is shown, diminishing with further increase in molecular 
weight. The stronger the acid and the higher the tempera- 
ture the greater the tendency to polymerization. The iso- 
olefines which yield tertiary alcohols are the most reactive 
in the descending order: iso-butylene, tri-methyl ethylene, 
/^-methyl a-butylene, followed by iso-propyl ethylene, 
/3-butylene, a-butylene, /3-amylene, a-amylene, propylene, 
ethylene. The conversion of the sulphuric esters of those 
olefines which yield secondary alcohols can be effected by 
dilution with water and steam distillation, but those yield- 
ing tertiary alcohols must be neutralized beforehand. 

In order to prevent or minimize the formation of poly- 
mers attempts have been made to accelerate the rate of 
formation of the sulphates by means of catalysts: silver and 
mercury salts were first tried with some success: a later 
method [6] consists in the use of catalysts prepared by 
adding ferrocyanides to strong sulphuric acid and treating 
the solution with an olefine of the type of group 3 to 
form a ‘double compound’ which is itself a catalyst for 
the hydration of olefines of all classes. Thus the double 
compound is formed with a hydrocarbon which docs not 
readily polymerize and then used to catalyse the sulphate 
formation of normally readily polymerizable olefines. 

Another method by which polymerization is restricted 
is to avoid the presence of excess of sulphuric acid [7]: 
thus dibutyl sulphate is formed by treating liquefied a- or 
j8-butylene with an insufficiency of 90-100% sulphuric 
acid at normal temperature under pressure. On releasing 
the pressure the excess butylene distils off and the remain- 
ing sulphuric ester is converted to secondary butyl alcohol 
by diluting with water and heating: the process is also 
applicable to the formation of amyl and hexyl alcohols. 

A similar process is used for the preparation of tertiary 
butyl alcohol from iso-butylene [8]; thus liquefied iso- 
butylene is shaken at low temperatures with an insufficiency 
of 65% sulphuric acid. The product is neutralized and dis- 
tilled: yields of 85% of the theory of tertiary butyl alcohol 
can be obtained, the by-products being di-iso-butylene and 
tri-iso-butylene. Similarly, tertiary amyl alcohol can be pre- 
pared from mixtures containing tri-methyl ethylene and 
p-methyl a-butylene by treating the liquefied olefines at 
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temperatures below lO"" C. with 65% sulphuric acid neutral- 
izing with lime and distilling. 

A further method for preparing sec.- and tert.-huiyX 
alcohol consists in absorbing the butylenes in liquid 
paraffins under pressure, treating the solution at normal 
temperatures first with 65% acid whereby /er/.-butyl hydro- 
gen sulphate is formed and thereafter with 70% acid at 
40° C. to form see.- and iso-butyl hydrogen sulphates which 
are then hydrolysed. 

An interesting step in the preparation of .v^c.-butyl 
alcohol is that of polymerizing ethylene to /3-butylene [9] 
by passing liquefied ethylene with 2% of borom fluoride at 
60 atm. pressure over a nickel catalyst at 8-10° C. 

The alcohols which can be prepared from olefines by the 
sulphuric acid method comprise ethyl alcohol, iso-propyl 
alcohol, j^c.-butyl alcohol, /rr/.-butyl alcohol, methyl- 
propyl carbinol, methyl iso-propyl carbinol, rcr/.-amyl 
alcohol, methyl-butyl carbinol, methyl iso-butyl carbinol. 
The alcohols with the exception of ethyl arc all secondary 
or tertiary alcohols, but the conversion of ethyl alcohol to 
//-butyl alcohol has also been accomplished industrially by 
a four-stage process involving first the dehydrogenation or 
oxidation of ethyl alcohol to acetaldehyde, the polymeriza- 
tion of this to aldol, followed by dehydration to crotonalde- 
hyde and hydrogenation to //-butyl alcohol. The direct 
one-stage conversion of ethyl alcohol to //-butyl alcohol has 
also been recorded [10]. If ethyl alcohol be passed over 
barium oxide at 400-450° C., a considerable portion is con- 
verted to //-butyl and higher alcohols together with ethyl 
acetate, acetal, acetone, and acetaldehyde: by introducing 
hydrogen into the system with a catalyst of magnesium 
oxide promoted with heavy metal oxides the formation of 
aldehyde and acetone is suppressed, but increasing propor- 
tions of hydrogen is accompanied by an increase in the 
proportion of higher alcohols. Mixtures of ethylene and 
alcohol can also be used in this process. 

Another method for the preparation of alcohols from 
olefines which has been much studied during recent years 
consists in the treatment of olefines and steam with cata- 
lysts such as silver nitrate, cuprous chloride, mercuric 
chloride [36, 1928], boron phosphate [20, 1931], and many 
other catalysts [35, 1928, 1930-4]. By this means ethyl and 
iso-propyl alcohols have been prepared: the degree of con- 
version is, however, but small. 

The widespread use of ethyl alcohol needs no comment : 
the other alcohols arising from petroleum do not find very 
extensive use as solvents, but they serve as raw materials for 
the preparation of solvents for cellulose esters. Among the 
more important of these solvents are the acetates made by 
esterification of the alcohols. Some of these esters have, 
however, been made from olefines by direct methods not 
involving the isolation of the corresponding alcohol. 

The direct preparation of ethyl acetate from ethylene and 
acetic acid [33, 1919] has been effected but has proved to 
be very difficult to accomplish — indeed, the process has been 
used to separate ethylene from propylene which esterifies 
more readily [41, 1930]. By treating equal volumes of sul- 
phuric acid and acetic acid at 40° C. with propylene until 
absorption ceases a yield of 80% on the propylene may be 
obtained of a mixture of iso-propyl alcohol and acetate 
[42, 1930] — combination may also be effected by passing 
the mixed vapours of propylene and acetic acid over 
absorbent charcoal saturated with a dehydrating catalyst 
[38, 1933]. 

The method by which iso-propyl acetate is manufactured 
in bulk is that of saturating sulphuric acid with propylene 
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in the presence of a hydrocarbon oil and gradually adding 
calcium acetate at 70-90° C. : the hydrocarbon oil absorbs 
the ester as it is formed and after careful neutralization the 
ester is separated by distillation. 

The direct preparation of j^c.-butyl acetate from a -and 
/5-butylene has b^n accomplished by heating a mixture of 
the olefine with acetic and sulphuric acids in the presence 
of ferrocyanides [30, 1925], a yield of 70% of 5 ^c.-butyl 
acetate being obtained. 

Another method consists in passing a mixture of acetic 
and sulphuric acids down a tower up which the liquefied 
olefine is passing at 150 lb. pressure and at 750° C. Further, 
the liquefied olefine treated with a mixture of 4 vols. of 
acetic and 1 of sulphuric acid gives a conversion to butyl 
acetate of 52% calculated on the acetic acid, with but 3% 
of polymerized olefine [19]. Amylene and acetic acid react 
at normal temperatures in the presence of zinc chloride 
with the formation of a secondary amyl acetate and poly- 
merized olefine. Very little information seems to exist on 
this subject. 

In general the higher aliphatic olefines react more readily 
with organic acids than do the lower homologues. Sec,- 
octyl acetate can be made by heating a- or i5-octylene with 
acetic acid at 300° C. under pressure, while heptylenes 
similarly yield 5er.-heptylacetate. 

Another quite different route by which aliphatic alcohols 
and esters can be made is that from the saturated paraffins; 
this has been applied industrially to the large-scale manu- 
facture of the isomeric amyl alcohols and their acetates 
[15, 1927, 1930]. A fraction of petroleum consisting of a 
mixture of n~ and iso-pentane is chlorinated to about 25% 
of the theory for a mono-chloro-pentane, in the vap)our 
phase under carefully controlled conditions to prevent 
explosive combination. After removal of the hydrochloric 
acid which is simultaneously produced, the amyl-mono 
chlorides are isolated by distillation and a product of the 
following approximate composition obtained: 



/o 

1-chIoro-pentane . 

. 26 

2- .. .... 

. 18 

3- .. .... 

8 

2-methyl 4-chIoro-butane 

. 16 

2- „ 2- ,. 

. 32 


The amyl alcohols are produced from this mixture by 
hydrolysis under pressure with sodium hydroxide in the 
presence of sodium oleate — the product is fractionally 
distilled to separate rerf.-amyl alcohol, diamyl ether, and 
unreacted amyl chlorides from the main amyl alcohol frac- 
tion which consists of a mixture of //-amyl alcohol, methyl 
propyl carbinol, diethyl carbinol a sym.-amyl alcohol and 
iso-amyl alcohol, known industrially as Pentasol. The 
isolation of these alcohols from one another is not an eco- 
nomic industrial operation, although it has been accom- 
plished. 

The acetates are produced in a similar manner from the 
amyl/chlorides by heating under pressure at 200-230° C. 
with a mixture of powdered sodium acetate and carbon. 

'Aliphatic Ketones 

Ethyl alcohol, iso-propyl alcohol, and the secondary 
alcohols which result from the hydration of olefines serve 
as raw materials for the manufacture of ketones, some of 
which find very wide industrial use as solvents, in particular 
acetone, and, to a less extent, methyl-ethyl ketone. 

The chief problem involved in this conversion is that of 
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suppressing the simultaneous reformation of olefines by 
dehydration; until recently the results had not been satis- 
factory, but yields close to those theoretically possible have 
now been obtained industrially by means of special 
catalysts. 

The industrial manufacture of acetone is accomplished 
in several ways, but of interest here are two methods which 
are related to petroleum as the original raw material, the 
route being either through ethyl alcohol or through iso- 
propyl alcohol. 

The production of acetone from ethyl alcohol is effected 
by passing steam carrying about 10% of alcohol at 500° C. 
over catalysts consisting of the oxides of the so-called 
‘heavy metals’ such as iron, manganese, and copper pro- 
moted with oxides of calcium and magnesium [11]: 2 
molecules of alcohol and 1 of water react to produce 1 each 
of acetone, carbon dioxide, and 4 of hydrogen : the reaction 
is endothermic and probably takes place in two stages 
involving first the formation of a metallic acetate and 
hydrogen followed by the breakdown of the acetate into 
acetone and carbon dioxide. The yield of acetone is about 
80% of the theory : this yield may be improved by operating 
under diminished pressure and also by promoting the iron 
oxide catalyst with oxides of nickel, cobalt, and chromium 
when the yield increases to over 90%. Another variation 
[17] consists in forming barium acetate by passing ethyl 
alcohol over barium oxide and then decomposing this at 
a higher temperature. The greater part of the acetone pro- 
duced in this country is made by methods similar to those 
described above, but in the United States of America it is 
mainly produced by fermentation methods from carbo- 
hydrates and by the dehydrogenation and oxidation of 
iso-propyl alcohol obtained by hydrating the propylene 
resulting from petroleum cracking processes. The dehydro- 
genation of iso-propyl alcohol is effected by heating with 
various catalysts such as nickel, platinum, copper, cobalt, 
manganese, and brass, but among the most successful 
methods is that of passing iso-propyl alcohol with or 
without water through molten lead or molten mixtures of 
the chloride of calcium, barium, magnesium, or potassium 
at about 625° C. Yields up to 95% are obtainable. The 
oxidation of iso-propyl alcohol to acetone is effected by 
means of metal or metallic oxide catalysts such as are 
used for the dehydrogenation process, but in this process 
air is admitted with the acetone and this procedure has the 
effect of changing the endothermic dehydrogenation into 
an exothermic oxidation; by the careful control of the pro- 
portion of air the process can be made self-supporting as 
regards heat consumption. 

Secondary butyl alcohol can be converted to methyl- 
ethyl ketone by means of catalysts consisting of alloys of 
copper and zinc, the yield rising as high as 96% at 346- 
480° C. At this higher temperature dehydration of the 
alcohol to butylene begins: at 600° C. the product contains 
about 8% of butylene, while still higher temperature causes 
the formation of carbon which fouls the catalyst and chokes 
the plant. Another efficient catalyst much favoured for 
reactions of this type and particularly for the production of 
acetone is zinc chromate promoted with sodium carbonate 
— this catalyst is very robust and leads to yields of 90% or 
more when the degree of conversion is 30-40% of the 
alcohol passed. 

Acetone can also be obtained by passing ethyl acetate 
over a calcium-oxide catalyst at 400-500° C. The reaction 
involves first the formation of acetone and alcohol fol- 
lowed by the conversion of the alcohol to acetone — thus 
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the whole of the ester is converted to acetone, the yield 
being about 85% of the theory. 

A new method for the production of ketones is the com- 
bination of tertiary hydrocarbons of the type CHR, with 
carbon monoxide by means of aluminium halide catalysts at 
low temperatures: thus iso-pentane with carbon monoxide 
yields a hexanone probably 3-methyl pentanone 2. 

The use of iso-propyl alcohol as an intermediate for the 
synthesis of esters is likely to be of great importance if yields 
can be improved. The pyrolysis of iso-propyl alcohol or its 
dehydrogenation product, acetone, by passage over copper 
or through molten lead at 700-750^ C. leads to the pro- 
duction of ketene in yields of about 38% on the acetone 
consumed, together with about 46% of methane and \6% 
of carbon monoxide and ethylene. Ketene is a very highly 
reactive substance and may be regarded as the ultimate 
dehydration product of acetic acid, acetic anhydride being 
the half-way dehydration product. Ketene is therefore a 
very powerful acetylating agent since water is not produced 
when acetylation is effected with it. The use of ketene as an 
acetylating agent has necessitated the development of a 
special technique by reason of its great tendency to poly- 
merize. In order to prevent polymerization the ketene must 
be immediately diluted with a non-reacting substance or 
immediately reacted with the substance it is desired to 
acetylate. Acetone has been used as a non-reacting diluent, 
the dilution being effected by passing an excessive propor- 
tion of acetone through the pyrolysing apparatus or by 
passing the products of pyrolysis as quickly as possible into 
a tower down which acetone is passing. The ketene solu- 
tions thus produced are not entirely suitable for subsequent 
use as an acetylating agent, but it has been found possible 
to introduce the ketene, under suitable control, directly 
into the medium it is desired to acetylate, such as water, 
alcohols, glycols, and amines: by this means acetic acid, 
acetic anhydride, and acetates of alcohols and amines may 
be produced from acetone without the production of any 
water of reaction and without the use of any esterification 
catalyst, advantages of considerable technical significance. 
Incidentally it should be noted that in ketene we have one 
of the very few reagents by means of which the tertiary 
aliphatic alcohols may be acetylated. 

From the various processes already described it will be 
seen that it is possible to synthesize ethyl acetate from 
petroleum: thus hydrating the olefines from cracked petro- 
leum gives rise to ethyl and iso-propyl alcohols — from the 
latter ketene can be produced by way of acetone and the 
reaction between alcohol and ketene yields ethyl acetate. 

The direct production from petroleum of a solvent con- 
taining a large proportion of esters has been investigated by 
Jamesfor a number of years. James passed selected fractions 
of petroleum with air over catalyst such as the blue oxides 
of molybdennum at 200-500"' C. and under ordinary 
pressure: the product, which besides unchanged petroleum 
consists largely of aldehydes, ketones, ethers, esters, and 
organic acids, is extracted with alcohol and the alcoholic 
extract treated with hydrochloric acid gas which causes the 
organic acids and aldehydes to combine with the alcohol 
to form esters and acetals. The resulting mixture consisting 
mainly of esters, acetals, ketones, and ethers is, after 
purification, separated into a low-boiling solvent for cellu- 
lose nitrate and a plasticizer. 

Glycol Ethers 

One of the most important directions in which petroleum 
has been used for the production of cellulosc-cster solvents 


is that which leads to the glycol ethers: of these the mono- 
ethyl ether of ethylene glycol, known otherwise as ethyl 
glycol or as ethoxy ethanol and industrially as Cellosolve, 
has reached an output approaching that of butyl acetate. 

The starting-point for this industrial synthesis is ethylene, 
which is first converted into ethylene chlorhydrine (2-chlor- 
ethyl alcohol) by treatment with water and chlorine [26] or 
with chlorine and aqueous caustic alkali [14, 1924]. The 
process involving the use of the latter is conducted in a 
closed vessel filled with 6% caustic soda solution treated 
with the equivalent quantity of chlorine and ethylene, being 
then passed through the sodium hypochlorite solution thus 
formed: as the reaction proceeds, part of the solution is 
withdrawn and replaced with fresh reactants in a con- 
tinuous manner. The solution contains about 10% of ethy- 
lene chlorhydrine which can be isolated by fractional 
distillation as a constant boiling mixture with water con- 
taining 42% of the chlorhydrine. 

The earlier process for preparing the ethyl glycol con- 
sisted in first hydrolysing the chlorhydrine to glycol by 
passing the constant boiling mixture in vapour form up a 
tower down which is falling a solution of sodium carbonate: 
hydrolysis takes place and the glycol dissolved in the solu- 
tion of sodium chloride passes to the bottom of the tower, 
while carbon dioxide, acetaldehyde, and steam pass away 
at the top. The glycol is isolated by evaporation of the 
solution, separation of the sodium chloride, and fractional 
distillation, and is then treated with di-ethyl sulphate and 
alkali to form the mono-ethyl ether [40]. 

This process, which is also applicable to the manufacture 
of other glycol ethers, such as butylene glycol ethers, has 
been replaced by one involving the formation of ethylene 
oxide, but the advent of very cheap diethyl sulphate may 
cause reversion to the earlier method. The ethylene oxide 
method consists firstly in the preparation of the oxide by 
passing the chlorhydrine at high temperatures over solid 
bases or through suspensions of lime or soda-lime in water 
[12, 1921, 1924] or by treating solutions of the chlorhydrine 
at 30-60'’ C. with 30% caustic soda solution [1, 1931], 
or directly from ethylene by treating this under pressure 
with air and steam at 150-400' C. in the presence of 
catalysts such as silver [37, 1931]. The next step in the 
process is to combine ethylene oxide with ethyl alcohol, 
using small quantities of catalysts such as sulphuric acid 
[24] or diethyl sulphate [2] at 100' C. and under a pressure 
of 3-4 atm., yields being of the order of 90-5%: other 
catalysts arc zinc, nickel, or chromium sulphates [21, 1928]; 
aluminium hydrosilicates [22, 1930] using 5% of the last- 
named catalyst having a pH of about 2,3-yields of 80% 
are obtainable by passing ethylene oxide into alcohol 
at 80" C. 

By substituting other olefine oxides for ethylene oxide 
or other alcohols for ethyl alcohol, various homologous 
glycol ethers can be prepared, such as butyl glycol and buty- 
lene glycol ethyl ether. 

Ethylene oxide has also been used industrially for pre- 
paring the ring ether, dioxane, or 1,4-diethylene oxide by 
heating with sodium hydroxide [23, 1924, 1927]. Dioxane 
has also been prepared by treating 1 ,4-dichlorethyl ether 
with strong bases — thus 5 % aqueous caustic soda at 200" C. 
leads to the formation of dioxane in 90% yield of the 
theory — the dichlorethyl ether is obtained by treating 
glycol chlorhydrine with sulphuric acid. Dioxane is a 
dangerously toxic solvent [3]. Other oxides of this class 
can similarly be prepared by treating the appropriate 
cychloro-olehne with metallic oxides such as litharge. 
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whereby ring closure is effected: thus dimethyl dioxane 
results from j9,i3'-dichloro-dipropyl ether and methylene 
ethylene oxide from chlormethyl-chlorethyl ether. 

Aliphatic Ethers 

The production of diethyl and other ethers by the action 
of sulphuric acid or other dehydrating catalysts on alcohols 
needs no comment— -other methods of production are, how- 
ever, of interest. 

The ease with which olefinic hydrocarbons can be made 
to yield alkyl sulphates by the direct absorption in sulphuric 
acid would lead to the supposition that this method would 
be adaptable to the production of the corresponding ethers. 
It is significant, however, that although Fritsche used the 
process in the laboratory as long ago as 1896, when he pre- 
pared diethyl ether from ethylene [18, 1896], no large-scale 
use of the process seems to be recorded beyond that tried 
and abandoned at Skinningrove in 1920 [13]. 

The direct production of ethyl ether by contact catalysis 
from ethylene and steam has also been noticed in processes 
of that type for the production of alcohol, while the prepara- 
tion of aliphatic ethers from the alcohols by passage over 
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aluminium oxide was first recorded in 1901 by Grigoreff: 
the method has been developed by Sabatier and his col- 
league and yields of 98-100% obtained by passing alcohol 
vapour over specially prepared oxides of thallium, alumi- 
nium, and tungsten at 340-350^ C: the same procedure, 
however, leads to bad yields from higher alcohols. An 
industrial method [31, 1929] developed about 1929 consists 
in passing alcohols over aluminium or chromium sulphate 
at temperatures not exceeding 300"" C. and at high pressure: 
by this means w-butyl alcohol may be converted to di-/i- 
butyl ether at 45 % conversion and with yields approaching 
100 %. 

Certain so-called ‘tertiary’ ethers have been made by the 
combination of olefines and alcohols in the presence of 
condensing agents such as sulphuric acid [32] in the manner 
indicated by the following general equation: 

R^R»C:CR*R--fA OH - 

I I 

OA H 

Among the ethers thus produced are methyl and ethyl 
tertiary butyl and tertiary amyl ethers. 
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KEROSINE 
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Introduction 

The word ‘lamp’ is derived from the Greek Aa/i7ra? ‘a 
torch’, which connotes the earliest source of artificial light 
available to primitive man. The first step in development 
must have been associated with the endeavour to utilize 
as illuminants the vegetable and animal oils and fats then 
available. Archaeological explorations have revealed that 
the Egyptian and other ancient peoples used wick-fed 
lamps many thousands of years ago. From the earliest 
times down to the present day lamps have played an im- 
portant part in ceremonial observances, while they were 
not unknown to mythology, as evidenced by the story of 
Psyche inadvertently letting a drop of hot oil from her 
lamp fall on the sleeping Cupid. 

It was not until the middle of the eighteenth century that 
attempts were made to produce oils by distillation of coals 
or shales. Selligue in France as early as 1840 made, and 
purified to some extent, an oil by the distillation of shale, 
which oil was extensively sold in Europe. About 1846 
Abraham Gesner successl^ully manufactured distillate oils 
from coal and used them for burning in lamps. His patents 
were sold to the North American Gas Light Company, and 
the oils were manufactured and sold under the denomina- 
tion of Kerosene Oil (from Kr]pos wax and ^Xaiov oil). The 
name thus originated as the trade name of a private firm. 
International agreement has now decreed that it be spelt 
Kerosine. International agreement has, however, not yet 
succeeded in eliminating the names or rather misnomers by 
which it is still known, as, for example, ‘paraffin oil’ in 
Great Britain. In 1848 James Young of Glasgow made a 
kerosine by the distillation of crude petroleum from a 
seepage in a coal mine in Derbyshire, England, and sub- 
sequently made it on a commercial scale from a cannel 
coal in Scotland. This proved such a success that by 1860 
no less than 40 works on the American Atlantic border 
were busy producing about 1,000 tons of illuminating oil 
per annum from cannel coal imported from Great Britain 
for the purpose. 

The demand for a satisfactory illuminant was the stimulus 
which initiated the search for petroleum and was the chief 
factor which determined the rapid growth of the industry. 
Within ten years from the bringing in of Drake’s well, 
Pennsylvania was producing two million barrels of crude 
oil per year. The coal oil works closed down and the dis- 
tillation of cannel coal ceased and so far has never been 
revived. A few years later kerosine was to be found in use 
in the remotest parts of the world, and for the next forty 
years continued to be the mainstay of the industry. 

The efforts of the refiners were therefore mainly directed 
to producing from the crude the maximum quantity of 
this product, only too often with little regard to the quality. 
The incorporation into the kerosine of as much as possible 
of the then valueless gasoline fractions resulted in the 
production of such highly infiammable oils that, in conse- 
quence of the large number of fatal accidents resulting 
from its use, it acquired at one time in the United States 
the unenviable name of ‘domestic dynamite’. Legislation 
in various countries soon curbed the activities of the oil 


refiner in this direction and resulted in the introduction of 
inflammability limits based on fire tests or flash-points, so 
that kerosine became a safe product with a flash-point of 
over 73° F. (23° C.). Subsequently the increasing demands 
for gasoline brought about a reduction in the volatile 
components of the kerosine, and a much higher flash-point. 

Such changes in the relative demands for other petroleum 
products, together with the introduction of gas and electric 
lighting, have so greatly reduced the percentage of kerosine 
extracted from the crude that this once all-important 
product now occupies a position of relative insignificance, 
as is well illustrated by the following figures: 


Table I 


Year 

Percentage yield of 
kerosine from crude 
oil, U.S.A. 

Actual production 
U.S.A. {figures 
bbl. X 10^) 

1899 

57-6 

33 

1904 

48-3 

57 

1909 

33 0 

60 

1914 

24 1 

63 

1919 

15-4 

55 

1924 

9-3 

57 

1929 

5-8 

53 

1934 

5-9 

53-5 

1935 

5-8 

55-8 


The total world consumption of kerosine for 1936 was 
17,350,000 metric tons. 

The diminished yield of kerosine from the crude oil is, 
however, due not only to the narrowing of the distillation 
range, but also to the fact that as new fields were opened 
up, crudes containing a large content of good kerosine 
b^me relatively scarcer. The types of lamp first estab- 
lished on the market were designed to burn well only oils 
from crudes of the paraffin type. As other crudes relatively 
rich in naphthenic and even aromatic hydrocarbons ap- 
peared on the scene, the unsuitability of the lamps either 
excluded certain types of kerosine altogether, or made it 
necessary to give them such heavy chemical treatments that 
they lost considerable percentages of their bulk in the 
process. 

The introduction of the kerosine-burning internal com- 
bustion engine has provided a new outlet, and the use in 
the U.S.A. of stove and light burner oils in character 
almost heavy kerosines, has brought about a considerable 
increase in consumption during the last few years. The 
appearance of more efficient burners and appliances for 
heating and cooking purposes utilizing kerosine as fuel, 
holds out further promise of a considerable increase in 
consumption. 

General Characteristics 

Although the properties of a product such as kerosine 
must be considered in relation to the apparatus in which, 
or the purpose for which it is used, certain general charac- 
teristics can be independently considered. No precise 
definition of kerosine is possible, as broadly speaking, it 
consists of those fractions of crude oil which are distilled 
off between the gasoline and gas oil ranges. Its boiling- 
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point range is thus determined partly by the limits so im- 
posed and partly by the demands of the market for grades 
for various purposes. 

In most countries two types of kerosine are marketed, 
the one for use in lamps, heaters, and cookers, the other 
for use as fuel for internal combustion engines (power 
kerosine). The great diversity in the characteristics of 
kerosines sold for these two purposes in different countries 
is illustrated by the data given in Table II. 

Table II 


Refined Kerosines on the World Markets 



* A.S.T.M. distillation | 




Specific 

gravity 

at 

1514° C. 

Initial 

boiling- 

point 

O ^ 

Percentage 

distilling 

1 to 200° C. 

% 

Final 
boiling- 
point 
° C. 

Sulphur 

content 

Aromatic 
content i 
% 

Smoke- 

point 

UP.T.)\ 


Illuminating Kerosines 


1. 0*786 

176 

19 

268 

0*03 

4 

41 

2. 0*787 

165 

30 

111 

006 

6 

39 

3. 0*796 

165 

35 

277 

008 

7 

33 

4. 0*804 

170 

26 

264 

002 

5 

30 

5. 0*793 

168 

38 

270 

0*11 

21 

27 

6. 0*801 

165 

36 

271 

006 

14 

26 

7. 0*809 

163 

24 

300 

004 

11 

25 

8. 0*809 

180 

10 

287 

0*02 

12 

25 

9. 0*806 

174 

19 

260 

0*04 

19 

24 

10. 0*796 

150 

70 

243 

0*14 

21 

23 

11. 0*805 

170 

20 

270 

0*13 

17 

23 

12. 0*805 

169 

31 

270 

003 

17 

23 

13. 0*835 

153 

70 

235 

0*03 

18 

22 

14. 0*821 

149 

45 

289 

0*05 

16 

22 

15. 0*809 

128 

37 

274 

0*04 

19 

21 

16. 0*818 

172 

11 

281 

0*04 

18 

21 

17. 0*826 

178 

29 

269 

006 

15 

21 

18. 0*815 

161 

30 

291 

0*03 

22 

21 

19. 0*829 

195 

1 

280 

0*20 

21 

20 

20. 0*811 

137 

45 

290 

004 

18 

20 

21.0*847 

170 

25 

263 

0*04 

40 

1 12 



Power Kerosines 



1. 0*837 

140 

54 

260 

0*28 

50 


2. 0*835 

152 

73 

237 

0*04 

18 


3. 0*817 

154 

57 

270 

0*04 

27 


4. 0*845 

140 

60 

255 

0*05 

55 


5. 0*805 

101 

73 

233 

0*05 

30 


6. 0*827 

143 

72 

236 

0*09 

36 


7. 0*813 

137 

52 

232 

0*02 

16 


8. 0*825 

140 

72 

232 

0*18 

35 



* American Society for Testing Materials, 
t Institution of Petroleum Technologists. 


It is apparent that there are wide variations in the 
properties of the illuminating oils dependent on (a) market 
requirements, {b) the type of crude from which they are 
made, and (c) the type of chemical treatment given. 

(a) Any one market must be supplied with a type or 
types of kerosine to suit the lamps in general use, which may 
range from the simplest home-made lamp to the most 
efficient types. 

(b) The kerosine distillates in general display the charac- 
ters of the crudes from which they are directly derived. 
For example, a paraffin base crude will yield a kerosine 
in which the paraffin hydrocarbons predominate, while if 
the sulphur content of the crude oil is high, that of the 
kerosine distillate will also be high, though this may be 
adjusted by subsequent refining. 

(c) The chemical treatment given may be devised either 
to remove small quantities of unwanted components or to 
alter fundamentally the character of the oil by the removal 
of a certain class of hydrocarbon. 

The power kerosines differ widely in type from the 
illuminating kerosines as the requirements of the engine 
and of the lamps differ so widely. This is discussed in more 
detail later (vide p. 2483). 


Chemical Composition 

Kerosine distillates consist in the main of hydro- 
carbons, but usually contain as impurities compounds 
containing sulphur, nitrogen, and oxygen. 

(a) Hydrocarbons. The main types of hydrocarbons 
present in kerosine are usually roughly classified as 
paraffins, naphthenes, and aromatics. Their great com- 
plexity makes more accurate definition impossible in the 
light of present knowledge. For the purposes of this dis- 
cussion paraffins and naphthenes are used in the generally 
accepted sense, while aromatics are considered as those 
hydrocarbons which can be removed by treatment with 
98% sulphuric acid. Very rarely arc hydrocarbons of any 
one of these series entirely absent, except in the case of oils 
specially treated by removing the aromatics. In general, 
kerosine distillates may contain up to 40% of aromatic 
hydrocarbons dependent on the chemical nature of the 
crude oil. Treatment by the Edeleanu process (vide p. 1888) 
is frequently given to reduce the content of aromatic 
hydrocarbons to a low figure. The relative preponderance 
of naphthene and paraffin hydrocarbons in kerosine dis- 
tillate will depend on the chemical nature of the mother 
crude oil and is usually not appreciably altered by the 
present methods of chemical treatment. 

Owing to the great complexity of the hydrocarbons in 
the kerosine boiling-range, comparatively little work has 
been done on the isolation of pure individuals. Rossini 
[45, 1935] of the U.S. Bureau of Standards, working on 
project no. 6 of the American Petroleum Institute, has 
isolated from the fraction of a Mid-Continent distillate 
boiling between 145° C. and 180° C., /i-nonane, n-decane, 
mesitylenc, pseudocumene, and hemimellitene, and found 
evidence also for the presence of propyl-benzene, ethyl- 
toluene, butyl-benzene, methyl-propyl-benzene, isomers of 
decane, and certain naphthenes. Birch and Norris [4, 1926], 
working on the acid sludge obtained by treating Iranian 
distillate with 20% of oleum, definitely identified aromatic 
hydrocarbons such as mesitylene, pseudocumene, hemi- 
mellitene, /?-ethyl toluene, ethyl xylene, and a dimethyl- 
naphthalene. Mulany and Watson [37, 1924], working on 
Burma kerosine, found p-cymene. Mabery [26, 1900] 
isolated naphthalene from a California petroleum and 
Jones and Wootton [22, 1907] identified mono- and di- 
methyl derivatives of naphthalene in a Borneo petroleum. 
Tasaki and Yamamoto [51, 1931] isolated naphthalene, 
2.methyl-naphthalene, and 2. 6. di-methyl-naphthalene from 
the acid sludge of a Formosa kerosine. Even less work has 
been done on the non-aromatic hydrocarbons of the 
kerosine fractions. Unsaturated hydrocarbons are practi- 
cally absent from kerosine distillates which have been 
prepared under non-cracking conditions. 

Kerosines produced by cracking have so far not been 
used for illuminating purposes, but may find application 
as fuels for internal combustion engines. Such kerosines 
contain large percentages of unsaturated hydrocarbons of 
various types. No information as to the actual constitution 
of such hydrocarbons is as yet available. 

The work referred to above is quoted merely as an indica- 
tion of the complexity of the subject. In the present state 
of knowledge little would be gained by further discussion 
of this subject, as the relative effects of the various types of 
hydrocarbons present in a kerosine on its practical uses 
and applications can be so far only expressed in the light 
of the broad classification referred to above. 

(b) Sulphur Compounds. Kerosine distillates may contain 
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from 0 02% to 10% of sulphur in the form of a variety 
of organic compounds, many of which have been formed 
during distillation, and which may also subsequently be 
changed during acid refining of the kerosine. As a general 
rule, crude oils yielding as distillation residues large quan- 
tities of asphaltic bitumen give distillates of higher sulphur 
content than those of naphthenic or paraffin base types. 

Much work has been done on the isolation, synthesis, 
and sulphur compounds occurring in crude oils, particularly 
in the benzine fraction [5, 1930], but comparatively little 
on those occurring in the kerosine fractions. 

A number of sulphur compounds with boiling-points 
between 140° C. and 210° C. and which therefore may 
possibly occur in some kerosine distillates, have been 
synthesized. These belong to several types such as di- 
sulphides, thiophens, mercaptans, and thiocresols. In 
addition to these, hydrated thiophens or thiophanes 
(hexyl to octadecyl) have been isolated by Mabery and 
Quayle [29, 1906] from Canadian petroleum. Mabery and 
Smith [30, 1889] obtained indications of the presence of 
thioethers in the fractions boiling between 200 and 300° C. 
of an Ohio crude oil. 

Sulphonic acids are also formed during the treatment of 
kerosine distillate with sulphuric acid, being found both in 
the oil and in the acid layer. Von Pilat, Sereda, and 
Szankowski [39, 1933] distinguish three classes, (1) the 
a-sulphonic acids, whose calcium salts are insoluble in 
water and ether, (2) the j9-sulphonic acids whose calcium 
salts are insoluble in water but soluble in ether, and (3) the 
y-sulphonic acids whose calcium salts are soluble in water 
but insoluble in ether. The sulphonic acids and their salts 
have been found of value in the manufacture of soaps and 
wetting agents. The difficulty in isolating sulphur com- 
pounds, particularly in view of their low yield from a 
kerosine distillate, is doubtless responsible for the lack of 
detailed information on the subject, 

(c) Nitrogen Compounds. The nitrogen content of most 
crude oils is very small although Mabery [27, 1900] has 
found up to 2-35% in a Californian crude. E. J. Poth, 
W. D. Armstrong, C. C. Cogburn, and J. R. Bailey 
[40, 1928] consider that in general, little of the nitrogen is 
present in the crude oil in the form of bases, but that in 
distillates the bases appear along with non-basic nitrogen 
compounds of unknown structure. Mabery and Hudson 
[28, 1894] isolated several different bases from a Cali- 
fornian oil which they considered as derivatives of tetra- 
hydro-pyridine and quinoline. Similar bases have been 
found in Galician, Roumanian, Russian, Japanese, &c., 
crude oils. The number of nitrogen compounds present 
in petroleum is certainly very large [23, 1930]. 

The question of the occurrence of nitrogen compounds 
in kerosine is of great interest in connexion with colour 
stability {vide p. 2473) on which subject much work has 
been done without, however, direct correlation with the 
actual nitrogen compounds present. 

{([) Acidic Bodies. In addition to the sulphonic acids 
formed during acid refining of kerosine, other types of 
acids generally known as naphthenic acids occur in kero- 
sine distillates. These are of three types: paraffin car- 
boxylic, monocyclic, and bicyclic acids and occur in many 
crude oils, e.g. those from Russia, Roumania, Poland, 
Texas, California, Germany, and Japan. The content of 
such naphthenic acids varies from 0*1 to 2%. 

The kerosine fractions yield naphthenic acids of higher 
acid value than do the gas-oil fractions, and these acids 
are more easily refined to a good colour. 


Phenolic compounds have also been found in certain 
crude oils. Story and Snow [50, 1928] found small quan- 
tities of phenols in the distillates from mid-Continent crude 
and larger quantities in the cracked distillates. 

With the exception of naphthenic acids, however, the 
non-hydrocarbon constituents of kerosines are at present of 
little or no practical importance, although their occurrence 
may throw some light on the question of the origin of 
crude oil. 

Physical Properties 

Certain physical characteristics are frequently deter- 
mined as a check for consistency of refinery production, 
or for purposes of determining conformity to specifica- 
tions; others are less frequently determined for specific 
purposes, such as for use in the design of plant or for some 
particular research. As various types of kerosine display 
such differences in their physical properties, the data 
published are so far from complete that only a brief 
summary is possible. 

(a) Specific Gravity. The specific gravity of a kerosine 
is usually determined at 60° F./60° F. (American and 
British practice) or at 15° C./4° C. (Continental practice). 
It varies from about 0*775 to 0*850, although Edeleanu 
extract fractions of kerosine boiling-range may have 
specific gravities up to 0-885. A low specific gravity 
(below 0*800) often indicates an edeleanized kerosine, 
whereas a high-specific gravity (above 0 830) indicates 
a kerosine containing an unusually high percentage of 
aromatic or naphthenic hydrocarbons, or having an ab- 
normal boiling-point range. 

(d) Distillation Range. The distillation range of a kero- 
sine is generally determined by the A.S.T.M. distillation 
method D. 86-35, and usually lies between 140 and 300° C. 
As will be seen from Table II (p. 2471) power kerosines have 
in general higher percentages distilling to 200° C. and 
lower final boiling-points than illuminating kerosines. 
Illuminating oils should not leave a dark-coloured residue 
in the flask after distillation as this indicates insufficient 
refining, and is generally accompanied by a high formation 
of char on the wick [35, 1933]. Within limits, the distilling 
range of an illuminating oil is only of indirect importance, 
i.e. in so far as it affects other properties, e.g. viscosity and 
flash-point, but with power kerosines the distillation range 
is a factor of direct importance. 

(c) Colour. The colour of kerosine is generally deter- 
mined in the Saybolt, Lovibond, or Stammer colorimeter. 
First-grade kerosines are expected to be water white, but 
for second-grade oils fashion is not so exacting. The colour 
however, gives no indication of the burning quality (vide 
p. 2474), Power kerosines, owing to the frequent addition 
of aromatic extracts arc often discoloured. 

(t/) Flash-point. The Abel, Abel-Pensky, Pensky-Martens, 
Luchaire, and Tag (Tagliabue) instruments are in general 
use for determining the closed flash-point of kerosines, 
mainly to determine whether it meets Customs, &c., require- 
ments in this respect, and as a check for contamination with 
gasoline. The ‘fire-point’ of kerosine, i.e. the temperature 
at which the oil will ignite in the open air under prescribed 
conditions, is still laid down in specifications in some parts 
of the world (e.g. U.S.A.). 

(e) Viscosity. The viscosity of a kerosine is generally 
reported in absolute units, i.e. centipoises, being deter- 
mined in instruments of the capillary tube type, e.g. the 
B.S.I. [6, 1929] or the Vogel Ossag viscometer [18, 1933]. 
The Saybolt Thermoviscometer and the Engler Ubbelohde 
viscometer are also used. 
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The value of the viscosity in assessing the burning quality 
of kerosine is discussed later (p. 2479). 

(/) Refractive Index. The refractive index of a kerosine 
varies with the chemical composition for a definite boiling- 
point range: for a definite series of hydrocarbons the 
refractive index increases with the boiling-point. 

Bacon and Hamor [1, 1916] give the following data: 


Kerosine 

Table III 

Specific gravity 
at 15'^ C. 

Refractive 
index 15'' C. 

American . 

0780 

1-4345 

Russian 

0-780 

1 -4309 

Roumanian 

0-780 

1-4334 

Galician 

0-780 

1-4356 

Shale . 

0 780 

1-4373 

American . 

0-820 

1 -4564 

Russian 

0 820 

1-4533 

Roumanian 

0820 

1-4572 

Galician 

0-820 ! 

1-4586 

Shale . 

1 0820 1 

1-4568 


(g) Surface Tension. The surface tension varies with the 
chemical composition of the kerosine, but little published 
data is available on this subject. Holde [17, 1924] gives 
the following figures for the surface tension against air 
of a kerosine of specific gravity 0-8467: 

Surface tension 
Temperature j Dynes, cm. 

0" C. 28 9 

25° C 26-4 

50° C. 24 2 

(h) Specific Heat. The specific heat of a kerosine at 
different temperatures varies with the specific gravity at 
60/60'" F. and is further affected by the chemical composi- 
tion. The U.S. Bureau of Standards [53] gives the following 
figures: 

Table IV 


Specific gravity 
at 60160" F. 

0" F. 

100 " F. 

Specific heat at 
200" F. 1 300" F. 

j 400" F. 1 500" F. 

0 8251 

0-427 

0-477 

0 526 ] 

0-576 

0 625 

0675 

0 7796 

0 439 

0490 

0-541 

1 0-592 ' 

1 

0 643 

0-694 


Oils from paraffin base crude generally give results IJo 
higher and those from naphthene base 2 % lower than the 
above figures. 

(/) Calorific Value. The following figures are given by 
Bacon and Hamor [2, 1916] and Redwood [44, 1922] for 
a number of various marketed kcrosines : 

Table V 

Specific 

gravity B. Th. U. per 

{at J5° C.) Cal. per g. imp. gal. 

Gross values 

0-768 11.250 155,520 

0-780 11,163 156,500 

0-797 11,167 159,000 

0 800 11,140 160,400 

0-805 11,100 160,500 

0-807 10,960 159.200 

0-813 10,900 159,500 

6-816 11,225 164,870 

0-825 11,270 167,000 


(k) Latent Heat. E. H. Leslie, J. C. Geniesse, T. W. 
Legatski, and L. H. Jagrowski [25, 1926] give the following 
data for the latent heat of vaporization of distillates from 
paraffin base crude, based on figures obtained on T F. cuts. 


Table VI 


Boiling-point 

Sp. gr. at 
J5i4"C. 

Latent heat 
B.Th.U. per lb. 

300° F. 

- 149° C. 

! 0-755 i 

117-4 

350° F. = 

- 177° C. 

1 0-775 

109 0 

400° F. 

- 204° C. 

! 0-788 ! 

1006 

450° F. ^ 

- 232° C. ' 

0-808 

92-2 

5(H) F. 

260° C. 

! 0-815 

85-9 

550° F. - 

- 288° C. 

i 0-822 

75-5 

600° F. 

315° C 

1 0 823 

671 


Bureau of Standards Misc. Pub. No. 97 (Thermal Pro- 
perties of Petroleum Products) indicates that the latent 
heat of vaporization per unit volume at 60° F. of any 
petroleum oil is dependent only on the temperature of 
vaporization. The following relevant extracts are taken 
or interpolated from Table XV of this article: 

Table VII 



(/) Coeflicient of Expansion. The coefficients of expan- 
sion of volume of oil with increase in temperature are 
generally related to the specific gravity and to the actual 
temperature range. There is no doubt, however, that the 
chemical composition of the oil has a considerable effect 
on the coefficient of expansion. Little data has, however, 
been published on this subject. For the calculation of 
quantities of oil in bulk the figures given in U.S. Bureau of 
Standards Circular No. C410 are generally accepted. 

(tn) Solubility of Water in Kerosine. The solubility of 
water in kerosine is so small that its determination, owing 
to absorption from the air, presents extreme difficulties. 
Nevertheless the solubility/temperature curve is sufficiently 
steep to cause a distinct separation of water from kerosine 
packed in cans at a high temperature, when transported 
to a climate of lower temperature. This separation of water 
may effect corrosion of containers and therefore be of 
sufficient importance to merit consideration. E. Groschuff 
[14, 1911] gives the solubility of water in American water- 
white kerosine of specific gravity 0’794/0-796 and boiling- 
range 190 to 250° C. as shown in Table VIII. It appears 
probable that the solubility of water in a kerosine of 
aromatic type would be greater than that in one of paraf- 
finic type. 

Colour Stability 

Consumers only too often demand qualities such as 
good odour, good colour, and colour stability, which are 
of little technical value, the attainment of which imposes 
on the refiner extra trouble and expense all to no purpose, 
other than to satisfy the demands of fashion and taste. 
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The causes of the deterioration of the colour of kerosine 
and the treatment necessary to avoid it have received much 
attention during the last few years. The results of this work 
have been published mainly in the Proceedings of the 
World Petroleum Congress of 1933. Colour instability is 


Table VIII 



Solubility of water 

Temperature 

by weight 

° c. 

% 

-2" j 

0 0012 

18 

0 005 

23 

0 007 

30 

0 008 

36 

0012 

53 

0026 

59 

0031 

61 

' 0 035 

66 

0043 

79 

0 063 

85 

0075 

94 

0 097 


not a simple phenomenon as there are different types of 
such instability. Various means of detecting the tendency 
to discolour before actual discoloration takes place have 
been worked out, so that refining treatment can now be 
controlled so as to produce an oil which will retain its 
colour under reasonable storage conditions. 

Hillman [16, 1933] discriminates between the several 
types thus: 

(1) A clear lemon-yellow type very erratic in its develop- 
ment, the most common in refined kerosines. It is an 
oxidation effect not apparently limited to any definite set 
of compounds, it develops in the dark and is almost 
entirely bleached by exposure to sunlight. 

(2) A somewhat similar type which may or may not be 
light sensitive related to the presence of amino-bodies. 

(3) A type due to the presence of cracked compounds. 
These are however generally absent from commercial 
kerosines. 

(4) An unbleachable brownish discoloration which 
slowly develops only after very long p>eriods of storage, 
and long exposure to light and which is, therefore, ot 
relatively little importance. 

He concluded from the fact that the discoloration of 
type (1) was bleached by various reducing agents that it 
was an oxidation product, and therefore tried to simulate 
it by various oxidation processes. He found that treatment 
with lead peroxide in dilute caustic soda produced a dis- 
coloration of the type required. Various samples which 
had gone off colour by long storage in the dark behaved 
on exposure to sunlight in precisely the same way as did 
the samples artificially oxidized to the same colour, the 
identity of behaviour being remarkable seeing that the 
natural colour was produced in 3 months and the artificial 
in 3 minutes. 

McHatton [31, 1933] and Moerbeek [36, 1933] working 
on the same subject concluded that discoloration on 
storage was a result of the presence of certain so far 
unidentified phenols or hydroxyl compounds of hydro- 
carbons having properties resembling those of cyclo- 
pentadiene derivatives, and also in some cases of the 
presence of nitrogen bases. The presence of such bodies 
in very minute concentrations is sufficient to bring about 
strong discoloration. Thus Moerbeek found that the 
addition to a very good kerosine of carvacrol or nitrogen 


bases made from kerosine distillate, in the proportion of 
1 : 25,000 brought about a rapid deterioration in colour. 
A slight alkalinity also accelerated the discoloration to a 
surprising extent. This is of importance, as ships’ tanks are 
often cleaned out with the help of caustic soda, a practice 
which in the light of the work of these authors should not 
be permitted where kerosine transport is concerned. Even 
traces of alkali on the inner surfaces of bottles used for 
storing samples may assist greatly in producing discolora- 
tion and so lead to false estimates of the quality of the 
kerosine in this respect. Bottles for retaining samples of 
kerosine should therefore be well cleaned with boiling 
water. These authors followed up their work by devising 
tests which might be applied to a refined kerosine in order 
to judge whether the degree of refining was sufficient to 
ensure the colour stability of the product on storage for 
periods of several months. 

Hillman succeeded in working out a definite lead 
peroxide test which has proved of great practical value. 
The test is carried out in the following way : 

Standard lead peroxide for this purpose is obtainable 
in capsules containing 1 g. This is dispersed in 20 ml. 
of 01 75 N. caustic soda solution. After thorough 
wetting of the lead peroxide with the caustic soda 700 ml. 
of kerosine at 30° C. are then added and the mixture 
thoroughly stirred for exactly 60 sec. It is then allowed 
to settle for 5 min., all these operations being carried 
out in the dark, and the colour then determined. The 
difference between the colours before and after treat- 
ment indicates the colour stability. As in general only 
water-white kerosines are tested, the colour after the 
treatment can be taken as the figure of the test. 

Hillman points out that a negative test is not in itself 
a guarantee that kerosine so refined will be colour-stable, 
but he does assert that one which develops a colour in 
the carrying out of this test will certainly be very liable to 
go off colour on storage. Moerbeek [36, 1933] describes 
a test devised by Moser for detecting the presence of minute 
quantities of nitrogen bases by means of silico-tungstic 
acid. 

The stage has not yet been reached where the refiner 
can predict with certainty that a kerosine will not go off 
colour on long storage, but a great advance in this direction 
has undoubtedly been made. It is obvious that this colour 
is produced by very small traces of strongly coloured 
bodies, the presence of which has no effect whatever on 
the burning qualities of the kerosine. The possibility of 
their formation, however, must be removed in order to 
satisfy the taste of the consuming public for a colourless 
oil. It has been found in practice that an insufficiently 
refined oil which will remain colour-stable in a storage 
tank at the refinery for months frequently discolours when 
subjected to pumping operations, &c. The close contact 
with metal, particularly copper, appears to catalyse the 
oxidation, resulting in the formation of coloured com- 
|X)unds. The discoloration of kerosine in tins also pre- 
sents a serious problem, since the oil cannot without great 
expense be returned to the refinery for re-treatment. In 
this connexion J. B. Rather and L. C. Beard [43, 1936] 
describe the use of a number of oxidation inhibitors which 
will prevent the kerosine discolouring. These include 
hydroquinone, pyrogallol, resorcinol, phloroglucinol, thio- 
carbanilid, alkyl-substituted dihydroxy benzenes, ethanol- 
amines, urea and thio-urea, &c., the stabilizer being used in 
the proportion of about 1 part by weight to 100,000 of 
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kerosinc. The polyhydroxy benzenes, such as hydroqui- 
nones, pyrogallol, &c., also possess the property of de- 
colorizing kerosine which has gone off colour in storage. 
For this purpose 1 lb. of hydroquinone, for example, is 
dissolved in isopropyl alcohol or ethyl alcohol and added 
to 2,000/15,000 gallons of discoloured oil. Successful treat- 
ment of discoloured kerosine is also claimed with the use 
of oil-soluble blue-violet dyes. 

If local retreatment of discoloured kerosine is necessary 
it is usually effected by filtering through one of the well- 
known types of decolorizing earth. 

General Applications 

Kerosinc is used at present mainly as : 

(a) An illuminant and heating agent. 

(b) Motor fuel. 

(c) A component of various industrial products. 

(a) By far the largest quantity of kerosine is used as (1) 
a burning oil in lamps of either the wick-fed or vaporizing 
type, and (2) a heating agent in stoves, fires, and radiators, 
&c., which may be of either type. In the U.S.A. a light 
furnace oil, which is substantially a heavy unrefined 
kerosine is used largely for central heating purposes. The 
potential market for kerosine in these directions is great, 
particularly in the more undeveloped countries where 
alternative lighting systems are not available. Improve- 
ments both in the design of lamps and stoves and in the 
refining of kerosine will lead to more general recognition 
of the merits of this long-established commodity. 

(b) In countries where agriculture and fishing industries 
are of importance, kerosine is used as a fuel in engines 
of the spark-ignition type fitted to tractors and fishing 
boats. Engines of the hot-bulb type also employ kerosinc, 
but such engines are becoming less popular owing to the 
increasing efficiency and availability of those of the com- 
pression-ignition type. 

(c) More extensive use of kerosine is being made in the 
manufacture of bituminous products for road construction, 
insecticides, anti-malarial oils, agricultural preparations, 
such as cattle and sheep dips, polishes, paints, and so 
forth. It is also used for degreasing and cleaning processes, 
for washing coal by froth flotation and for the extraction 
of naphthalene from coal gas. 

Of these the most important application of kerosine is 
in the manufacture of cut-back asphaltic bitumens for the 
treatment of roads. These are discussed in the chapter on 
asphaltic bitumens (p. 2690), but from the kerosine point 
of view it is sufficient to indicate that with cut-backs used 
for surfacing roads the kerosinc is generally as volatile as 
possible (subject to Customs or other requirements) in 
order to facilitate evaporation of the kerosinc from the 
cut-back material after application to the road. 

Most domestic insecticides contain a proportion of 
kerosine, the main characteristic of which is freedom from 
odour, which is obtained by heavy chemical treatment or 
solvent extraction to remove the aromatic hydrocarbons, 
&c. The kerosine should have a high flash-point, in order 
to reduce the risk of fire, and a low final boiling-point in 
order that it should evaporate readily. 

Although kerosines find many other industrial applica- 
tions irftonnexion with the manufacture of paints, polishes, 
cleaning, and degreasing compounds, &c., the quantities 
used are small, so that generalizations as to the properties 
of kerosines for such diverse applications can obviously 
not be put forward, apart from the more obvious features, 
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i.e. the desirability of a high aromatic content and a high 
volatility where solvent power and rate of evaporation are 
of importance. 

It will be obvious that, as kerosine is used for such 
different purposes, the quality of a kerosine can only be 
estimated in relation to the purpose for which it is used. 

Fortunately the refiner is able to modify the physical 
properties, such as volatility and viscosity, by controlling 
the conditions of distillation, and the chemical composition 
by the use of solvent extraction processes, so that kerosines 
of highly aromatic or highly paraffinic nature may be 
produced to meet the most diverse requirements. Naturally 
the type of crude oil available to the refiner places some 
restriction on his capability to produce any required type, 

Kerosine for Lighting and Heating 

The lamps and stoves in which kerosine is burnt fall into 
three main categories: (a) wick-fed white flame, (b) wick- 
fed blue flame, and (c) vaporizing. 

(a) Wick-fed White Flame Appliances. 

Wick-fed lamps have been produced in a bewildering 
variety, ranging from the home-made lamps of the East, 
often constructed from the simplest materials such as 
metal polish tins, ink bottles with a wick of string or 
vegetable pith, or even a piece of rag, to the lighthouse 
burner with nine concentric circular wicks, which has now 
become extinct. The many types of household lamps in 
general use display fundamental differences in design, such 
as in depth of reservoir, type of wick, and particularly 
supply of air to the wick, and type of chimney. Of such 
diversity are these types that a particular kerosine which 
burns well in one lamp may bum badly in another, while 
two kerosines may be rated in quite different manners by 
two different lamps. The properties of kerosines should 
therefore be considered in relation to the types of lamps in 
which they are to be used. 

The three fundamental requirements of a good kerosine 
for use in wick-fed lamps producing a self-luminous 
flame, are: 

1. It must give a flame of good initial candle-power. 

2. It must maintain this candle-power as the oil bums. 

3. It must not give rise to excessive deposits of film on 
the chimney. 

1. Initial Candle-Power. The size and brilliancy of the 
flame depends on the chemical composition of the kerosine 
in relation to the design of the lamp. The chemical nature 
of a kerosinc reflects that of the crude from which it is 
distilled. Although the quality of kerosines has on the 
whole been much improved in the last decade or so (mainly 
by the use of the Edeleanu process), there is still great 
diversity of character displayed by the kerosines on the 
market at the present time (vide Table II, p. 2471), as the 
demands for oil and the types of lamps show great diversity 
dependent largely on the wealth of the purchasers. In the 
Far East, for example, lamps of a very primitive type, 
little better than those of ancient Rome or Greece, are stil 
in use. In such types of lamp the best oils bum badly and 
the worst nearly as well as the best. In such areas, therefore, 
kerosines of inferior burning quality which will only give 
small flames and will therefore last a long time are marketed. 

The three types of hydrocarbons show great differences 
in behaviour in any given type of lamp. In general, it 
may be stated that in lamps with a poor draugnt kerosines 
composed mainly of paraffins burn well, while those rich in 
naphthenes, and especially aromatics, bum with a reddish 



2476 


PRODUCTS OF PETROLEUM 


and even smoky flame. In a suitably designed lamp with 
a good draught, the most aromatic type of kerosine will 
burn brilliantly and well, whereas in the same lamp the 
paraffin type may burn with a flame of weak luminosity. 

This renders attempts to compare the amount of 
illumination given by flames from different types of kero- 
sine in similar lamps under similar conditions rather mis- 
leading, as the total illumination from a flame is a product 
of the size of the flame and the intrinsic brilliancy, which 
factors are affected both by the design of the lamp and by 
the chemical composition of the kerosine. 

Effect of Lamp Design. The effect, in particular, of the 
draught in a lamp on the size of flame produced, has been 
studied by Minchin [33, 1933], who used a special lamp 
with a flat wick burner, in which the draught could be 
varied by using a taller chimney or by adjusting the posi- 
tion of the flame deflector. He showed that by increasing 
the draught the fuel consumption and the size of the flame 
was reduced. The reduction in the size of the flame was, 
however, greater than that expected from the reduced fuel 
consumption, so that the effect of increased draught is also 
to compress the volume of gas within the luminous enve- 
lope. The increased draught increases the pressure over 
the wick and thereby decreases the rate of evaporation, 
but at the same time requires a greater pressure in the 
gas within the luminous envelope in order to balance the 
overhead pressure. 

It is also shown that under conditions of increased 
draught, the brilliancy of the flame increases, to a certain 
maximum. The luminosity of the flame being due to the 
cloud of carbon particles formed by the cracking of the 
kerosine, any factors which affect this concentration of 
carbon particles will affect the luminosity of the flame. 
The size, concentration, and type of the carbon particles 
are controlled by the conditions under which the kerosine 
is cracked, so that relatively slight variations in these 
conditions may have quite an appreciable effect on the 
luminosity. Thus, the method of introduction of air (i.e. 
internal or external draught, and location of air holes), 
the type and height of chimney and type of burner, amount 
of wick extended, &c., affect the temperature or pressure 
conditions during cracking and thus play a large part in 
determining both the size and luminosity of the flame. 

Effect of Chemical Composition of Kerosine. The in- 
crease in luminosity by increasing the concentration of the 
cloud of carbon particles in the flame may also be obtained 
by using a fuel with a higher carbon content, e.g. an 
aromatic type kerosine. At the same time a very much 
smaller and reddish flame is given with this type of kerosine. 
Minchin [33, 1933] illustrates the effect on the candle-power 
of the addition of tetralin to a paraffinic type kerosine in 
a Saybolt lamp with a flat flame (vide Table IX). 

The question as to whether the addition of aromatic 
hydrocarbons to a kerosine increased or decreased the 
total candle-power of the flame has been discussed between 
W. Danaila, V. Stocnescu, and S. Dinescu [10, 1930; 11, 
1932; 12, 1933], on the one hand, and W. Grote and E. 
Hundsdorfer [15, 1932] on the other. 

The former found that up to a certain limit (depending 
on the type of kerosine), the addition of individual aromatic 
hydrocarbons or Edeleanu extracts of kerosine increased 
the total candle-power of the flame in a small Luchaire 
lamp (Roumanian Railways model). The latter investiga- 
tors, however, were unable to confirm these results, cither 
in a Luchaire (flat wick) lamp or a lamp fitted with a 
Cosmos burner (circular wick). 


Whether an aromatic or a paraffinic type kerosine will 
give more light when burnt in the same lamp will depend, 
largely, on the design of the lamp. The relation of 


Table IX 


Fuel 

Sp. gr. 

Candle- 

power 

C.P. per sq. cm. 
flame 

Paraffinic: 




Aromatic free . 

0-768 

160 

0 588 

Pennsylvanian (P) . 

0-777 

14-2 

0591 

97-5 “o P. 4- 2-5% Tetralin . 

0-781 

15-2 

0 630 

95 0«oP. i5 0% „ 

0-786 

14-7 

0 641 

92-5% P. + 7-5% 

0-793 

14 1 

0650 

85 0“«P. f-15?. 

0 808 

13-6 

0 680 

80 0%P.f20‘’„ 

0818 

124 

0-720 

700%P. + 30"o 

0-841 

103 

0-766 

60 0roP. } 40“., 

0 858 

5-2 

0-766 

loor. 

0 950 


0950 



(extrapolated) 


the flame height to the chemical composition of the 
kerosine is discussed fully later, but it is sufficient at this 
stage to indicate that under ordinary conditions, paraffin 
hydrocarbons give the greatest flame height, naphthene 
hydrocarbons a much smaller height, and aromatic hydro- 
carbons the smallest. In a normal flat-wick lamp with 
moderate draught, the increased size of flame given by 
a paraffinic type of kerosine will generally outweigh the 
greater intensity of the smaller flame given by an aromatic 
type kerosine. In circular wick lamps, particularly those 
with good draughts, the flame of a paraffinic type kero- 
sine may be so reduced that the total candle power may 
be less than that of the aromatic type kerosine with a 
more intense flame. 

The differences in the candle-power of kerosines burnt 
in different lamps is further emphasized by the results 
of a series of tests of four kerosines in four different 
lamps [41]. Four lamps were chosen as representing 
different types in common usage: 

1. Double flat wick (external draught). 

2. Circular wick type with deflector (central draught- 
air supply taken through vertical channel in reservoir). 

3. Single flat-wick type (external draught). 

4. Split circular wick type with deflector (central 
draught-air supply taken through side of burner). 

Four kerosines of different chemical composition (taken 
from those in Tabic II, p. 2471) have been burnt in these 
lamps and the initial candle-powers determined under two 
sets of conditions: 

(a) kerosines burnt at their maximum flame height 
without smoking in each lamp. 

{b) kerosines burnt at the same rate of consumption in 
each lamp. 


(a) At Maximum Flame Height. 


Table X 






Kerosine 



No. 21 

No. IH 

No. 7 

No. I 

Aromatic content 

40% 

22% 

11% 

3% 

Smoke-point 

Initial candle-power in ; 

12 

21 

i 

25 1 

41 

Lamp 1 . 

* 

33-5 

32-7 

‘ 42-8 

Lamp 2 . 

23-1 

28-0 

27-5 

310 

Lamp 3 . 

« 

18-8 

18-5 

23-8 

Lamp 4 . 

6-0 

18-5 

18-5 

24-0 

* Could not be burnt. 
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(b) At Same Consumption, 

Table XI 


Aromatic content 
Smoke-point . 
Initial candle-power 
in: 

Lamp 1 
Lamp 2 
Lamp 3 
Lamp 4 



Kerosine 

No. 21 

1 

No. 18 

No. 7 

40% 


11% 

12 

21 

25 

* 

; 1 

i 24-5 

I 23-2 

231 

* 23 0 

23-2 

* 

: 14-3 

129 

60 

1 7 0 

6 3 


1 

Rate of 
consumption 

No. 1 

g. per hr. 

3% 

, , 

41 


24- 1 

53 

22-4 

53 

13-9 

36 

69 

27 


♦ Could not be burnt. 


The figures in Table X indicate that: (1) in ordinary 
flat-wick type lamps with not very good draughts (types 
I and 3) highly aromatic kcrosines cannot be burnt, but 
in lamps of special type with a good draught (type 2) they 
can be burnt quite successfully, but give smaller flames 
and lower candle-powers than the paraffinic type kero- 
sines. In type 4 lamp, however, possibly owing to weaker 
draught, the highly aromatic kerosine gives only a very 
small flame. The highly paraffinic type kerosine gives the 
greatest candle-power in each lamp, probably owing to the 
much larger flame obtainable (compare the smoke-points 
of each type). 

With regard to kerosines of types 18 and 7, it will be 
seen that the more aromatic kerosine gives a slightly 
greater candle-power (or identical in type 4 lamp) than the 
less aromatic type. This may be attributed to the more 
intense flame given by type 18 with 22% of aromatics, as 
compared with type 7 with only 1 1 % of aromatics, being 
only partially offset by the greater flame obtainable with 
type 7 (smoke-point 25 as compared with 21 for type 18). 

The effect of the greater flame height given by the 
paraffinic type kerosines is largely removed in the tests 
described in Table XI in which the kerosines were burnt 
at the same rate of consumption. Here again the highly 
aromatic type kerosine could not be burnt in the flat-wick 
type lamps, but in the circular-wick types it gave practically 
the same candle-power as the paraffinic type kcrosines. If, 
therefore, the rate of consumption is restricted to that at 
which the most aromatic type will burn, all the kerosines 
burn giving practically the same candle-powers. This does 
not necessarily suggest that flames of the same size from 
aromatic and paraffin type kerosines give the same candle- 
power, but that the same amount of kerosines of different 
types burnt in the same lamp gives the same candle-power. 
It appears probable that as in the case of the results given 
in Table XI, the aromatic kcrosines give smaller but more 
intense flames per unit weight of kerosine burnt than the 
paraffinic type kerosine. The conditions in these tests are 
such that these two factors cancel each other. 

It is apparent from the above figures that owing to the 
great variation in type of lamp, candle-power determina- 
tions will not indicate whether a certain kerosine will give 
a satisfactory light in all types of lamps. Also, there is 
considerable difficulty in trimming lamp wicks so that 
two identical kerosines in two identical lamps give the 
same flame height. 

In general, it may be stated that there are two main 
types of lamps in general use, one with a flat wick which 
prefers a paraffinic type kerosine, and the other, generally 
smaller with circular wick and central draught, which is 
not so particular in its requirements. More attention has 


therefore been paid to satisfying the requirements of the 
flat-wick type lamp, e.g. by the introduction of the Ede- 
leanu process. In this type the candle-power given depends 
largely on the height of flame obtainable, this varying with 
the chemical composition of the kerosine. It therefore 
becomes desirable to devise some standard apparatus for 
comparing the height of flames given by different kerosines 
which could be related to the size of flame given in flat- 
wick lamps. 

Smoke-point Test. The problem was attacked by the 
Laboratory of the Bataafsche Petroleum Maatschappij in 
1926 and a lamp evolved in which could be determined 
the maximum height in millimetres at which a small 
kerosine flame would burn without smoking. As 32 mm. 
was the maximum height for the best kerosine then on 
the market, the tendency to smoke was taken as 32 minus 
the actual flame height of the kerosine in question. 

The apparatus suggested by them has now been modified 
and standardized by the Institution of Petroleum Technolo- 
gists, the actual maximum flame height being reported as 
the Smoke-point (in view of the fact that kerosines with 
smoke-points over 32 are now on the market) (Fig. I). 

The apparatus used consists of a specially constructed 
lamp in appearance like an old-fashioned carriage candle 
lamp. This is fitted with a small kerosine container fitted 
with wick tube and a device for raising or lowering the 
flame. Behind the flame is situated a scale, graduated in 
millimetres, the zero mark being level with the top of 
the wick guide. The height of the flame is observed against 
this scale through the concave glass door. 

In order to carry out the test 10 mm. of the kerosine are 
introduced into the clean, dry container. A piece of stan- 
dard wick not less than 5 in. in length previously extracted 
with a suitable volatile solvent and dried for half an hour 
at 100' C. and after soaking in the sample under test is 
fixed in the wick holder and this in the lamp. The wick 
should project 3 mm. above the end of the wick holder. 
After the lamp has been burning for 5 min., the oil being 
kept at from 20 to 25"' C. and the flame about 10 mm. high, 
the test is made by raising the wick until the flame smokes 
slightly, then reducing the height carefully until the smoky 
tail just disappears. The height of the flame at this point 
gives the value of the smoke-point test directly on the scale. 
For full details as to the standardizing and use of the 
apparatus the Institution of Petroleum Technologists 
Standard Method Book should be consulted [47, 1935]. 

With the help of this apparatus Kewley and Jackson 
[24, 1927] and later Minchin [32, 1931] explored the effect 
of chemical composition on the initial candle-power. 
Minchin used specially prepared kerosines of various types 
approximating as far as possible to paraffins, naphthenes, 
and aromatics. A kerosine of the paraffinous class was 
prepared by the method of Minchin and Nixon [34, 1928]. 
Paraffin wax when cracked at relatively low temperatures 
yields a distillate composed mainly of saturated paraffins 
and unsaturateds. As aromatics arc formed only under 
high-temperature conditions, the absence of naphthenes 
would be expected. This was confirmed by the work of 
Sachanen and Telicheyev [46, 1927] on the cracking of 
paraffin wax. Minchin used the fractions made by dis- 
tillation through a Hempel column between 1 50 and 280"^ C. 
That made from the cracking of wax was considered as the 
paraffin type. The naphthene type was made from Badar- 
pur (Assam) crude by removing aromatics by sulphonation 
and was found by Carpenter to be practically purely 
naphthenic in composition [9, 1926]. The aromatic type 
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was prepared by Nixon’s method of repeatedly cracking 
an aromatic extract at temperature of 400/500*" C. 

The kerosines so obtained had the properties: 

Table XII 



Sp. gr. at 
60^ F. 

Aniline point 

Paraffin type 

0-763 

82-8^^ C. 

Naphthene type 

0-841 

54 0^ C. 

Aromatic type 

0-925 

below 0° C. 


By studying the behaviour of kerosines made of various 
admixtures of these types, Minchin [32, 1931] arrived at 


Mexican parafhnous crude and one from a Sarawak crude, 
both heavily sulphonated to remove aromatics. 

Table XIV 



Sulphonated 

Sarawak 

Sulphonated 
\ Mexican 

Specific gravity at 15® C. . 

0-838 

0-774 

Boiling range . 

170-270® C 

170-270® C. 

Smoke-point . 

20 

32 


Minchin (loc. cit.) further concluded that there was a 
decrease in smoke-point with increase in molecular com- 
plexity. He also explored the smoke-point of homologous 





the conclusion that the tendency to smoke was directly 
proportional to the aromatic and naphthene content. 

Kewley and Jackson [24, 1927] similarly, using two com- 
ponents — one a heavily treated paraffin type kerosinc and 
the other a liquid sulphur dioxide extract from a highly 
aromatic natural kerosine — found the following figures: 


Table XIII 


Paraffin 

component 

% 

Aromatic 

component 

% 

Smoke- 

point 

100 

0 

32 

95 

5 

29 

90 

10 

26 

85 

15 

22 

80 

20 

20 

70 

30 

14 

60 

40 

10 


The smoke-point of a kerosine rich in aromatics was 
changed from 15 to 30 by the removal of the aromatics 
by sulphonation. An indication of the relative value of 
paraffins and naphthenes was obtained by comparing two 
kerosines of the same boiling-point range, one from a light 


scries of hydrocarbons and found except in the case of 
the paraffin series, the smoke-point increases with the 
number of carbon atoms in the molecule, a statement 
which at first sight seems to conflict with that made in the 
previous sentence. It is doubtless to be explained by the 
fact that the higher hydrocarbons of the benzene or 
naphthene ring type, actually present in kerosine, contain 
side chains of a paraffin nature. As their complexity 
increases they tend to behave more like paraffin hydro- 
carbons, i.e. their smoke-point decreases with boiling 
range. Thus the effect of the true higher benzene and 
naphthene ring hydrocarbons in raising the smoke-point 
is more than offset by the combined effect of the higher 
paraffin and of the complex benzene or naphthene ring 
hydrocarbons with side chains in lowering the smoke- 
point. Minchin gives the example shown in Table XV. 
From the above it will appear that the smoke-point test 
really renders unnecessary such tests as aniline point and 
percentage extractable by sulphuric acid. It supplies all 
the information necessary as to the relative amounts of 
paraffins, naphthenes, and aromatics from the point of 
view of practical illuminating value. 

In addition to giving an indication of the maximum 
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size of flame at which the kcrosine can be burnt without 
smoking, and thus the initial candle-power, the smoke- 
point test gives an indication of the ability of the kerosine 
to burn in a draughty situation without smoking. As a 

Table XV 


Fraction range, 

“ C. 

Smoke-point 

140-150 

24-7 

150-160 

23-5 

160-170 

22-8 

170-180 

22-6 

180-190 

221 

190-200 

211 

200-210 

201 

210-220 

19-3 

220-230 

18-3 

230-240 

17-8 

240-250 

171 

250-260 

16 3 

260-270 

15 3 

270-280 

14 3 


sudden draught will extend the flame of a kerosine, the 
higher the smoke-point the less tendency there will be for 
the flame to reach its maximum height and to commence 
smoking. A further feature in connexion with the smoke- 
point test is that, as a larger flame is obtained with a 
kerosine of high smoke-point, a larger consumption of 
kerosine must be expected. This is frequently of importance 
from the marketing point of view and accounts for the 
larger sale of inferior kerosines of low smoke-point — those 
giving low rates of consumption — in native areas. 

A similar test is described by J. B. Terry and E. Field 
[52, 1936] who have modified the original Davis Factor 
Lamp designed in 1923. The kerosine is burnt in a small 
lamp with a reservoir of capacity 4 oz. and fitted with a 
glass chimney 1 in. in outside diameter and 7 in. long. The 
lamp is burnt for 15 minutes, using a small flame and 
the wick then turned up until the smoking starts, the actual 
point being detected by the formation of a smoke spot on 
the underside of a porcelain dish filled with cracked ice and 
held over the chimney. The dish is then removed and the 
flame turned down one-half of a division on the scale 
behind the flame (0*05 in.), this being repeated until the 
maximum height of flame is produced without a smoke- 
point forming on the dish. The smoke-tendency factor is 
then read off on the scale. Very highly refined kerosines 
give flame heights of 3*00 in. or more, well-refined grades 
about 2 00 in., and inferior grades less than 1 00 in. Results 
arc reproducible to within 0 05 in. flame height for most 
kerosines, and to within 01 in. for very highly refined 
grades. 

(2) Maintenance of Candle-power. The second qualifica- 
tion, the maintenance of the candle-power as the kerosine 
is consumed, has, up to the present, not been so fully 
investigated. It depends on (A) a constant supply of 
kerosine to the wick and (B) complete combustion of the 
kerosine without char formation on the wick. 

(A) Constant Supply of Kerosine to the Wick, The supply 
of kerosine to the wick depends on its viscosity at the oil 
temperature and on the design of the lamp, in particular 
the ‘lift’, i.e. the distance between the top of the wick 
and the oil-level. 

Design of Lamp, No kerosine can maintain its burning 
qualities in a lamp with a deep, narrow container, such 
that as the oil is consumed the distance between the level 
of the surface of the oil and the top of the wick increases 


greatly. The following figures show the candle-powers 
given by two identical burners with the same kerosine, 
the only difference being in the containers, one of which 
was of such large diameter that the height of the wick top 
above the level of the oil dropped not more than an inch 
during the test, while the other was of such narrow 
diameter that the drop of level amounted to 9 in. 


Table XVI 



Candle-power 

Time 

Shallow reservoir 

Deep reservoir 

0 

20-0 

200 

1 hour 

206 

13*8 

4 hours 

21-8 

120 

8 

21-8 

no 

12 „ 

21-8 

102 

15 „ 

oil consumed 

2-6 


The behaviour of the kerosine in the shallow reservoir 
lamp indicates that no change in the composition of the 
kcrosine takes place during the burning. It would hardly 
seem possible that any such effect would show up, but the 
point was settled by Nakamura as long ago as 1883 [38]. 

Viscosity, Kewley and Jackson [24, 1927] determined 
the viscosity of a number of typical kerosines of approxi- 
mately the same boiling-point range and found considerable 
differences not only in the actual viscosities, but also in 
the viscosity /temperature curves. 

Fig. 2 shows several such curves, from which it will be 
noticed that the three lower curves (paraffinous type) are 
less steep than the three upper (naphthenic type) : 


VISCOSfTY CURVES FOR VARIOUS KEROSINES. 



The viscosities were determined by the No. 1 Ostwald 
type of viscometer [7], 

If the viscosity is not sufficient to ensure an ample supply 
of kerosine to the wick, as the level in the reservoir falls 
the flame decreases. If a decrease of flame height be 
corrected by turning up the wick, the rise in candle-power 
is only temporary. As soon as the surplus kerosine so 
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obtained bums off, the then over-protruding wick car- 
bonizes, adding a further trouble to that of the decreasing 
illuminating power. A kerosine which burns with a large 
flame in a particular lamp would require a lower viscosity 
than one which bums with a small flame. As the viscosity 
increases with increase of boiling-point, it must be adjusted 
not only to the chemical composition of the kerosine, but 
also to its boiling-point range, and also to the temperature 
of the atmosphere in which the kerosine burns. 

The influence of the depth of the container is now 
obvious. For kerosine testing, therefore, a very shallow 
reservoir of large diameter should therefore always be used. 

In general the viscosity of a kerosine should not exceed 
2 0 centipoises at the temperature at which it is to be used 
[21, 1933]. 

Capillarity. The rate at which the kerosine is fed to the 
wick depends not only on the viscosity, but to a less extent 
on the capillarity of the kerosine. Stepanoff [49, 1906] 
developed the following formula for the amount of kero- 
sine drawn through a wick: 


where M — quantity drawn through the wick, 

OL ~ capillarity constant of kerosine, 

Z = viscosity of kerosine. 

The capillarity constant is a complicated factor which can 
generally be regarded as a constant for most normal 
kerosines for a given wick under fixed conditions, since its 
variation is much less than that of the viscosity. Holde 
[19, 1933] gives a figure of 2-7/2‘8 mg. /mm. for the 
capillarity constant of kerosine. Engler and Levin [13, 
1886] found little difference in the capillarity of different 
fractions from (a) Caucasian and (b) American kerosines. 
They conclude that the rate of supply of kerosine to the 
wick is a function of the viscosity and of the specific 
gravity. 

Fig. 3 illustrates the variation of capillarity (measured 
by the height attained by the kerosine up a capillary tube) 
with temperature, the kerosines tested being some of those 
shown in Fig. 2. In general, kerosines with high viscosities 
have high capillarities, although the individual differences 
in capillarity values is quite small. The capillarity decreases 
with rise in temperature, but to a much smaller extent 
than does the viscosity. 

It therefore appears probable that a high viscosity in 
a kerosine will be slightly offset by the high capillarity, 
but there is no doubt that the viscosity is the more im- 
portant factor. 

Kerosines of high viscosity are frequently marketed in 
tropical countries, and in view of the difficulty of burning 
such oils in standard lamps at ordinary temperatures, they 
should be tested in a room the air of which is heated to 
that at which the oils will be burnt by the customers. 
Similarly, oils marketed in very cold countries should be 
examined in a cold room, as the increase in viscosity may 
make a considerable difference to the burning of the oil. 
Also, the lower temperature of the lamp glass may be 
more conducive to excessive bloom deposition. 

Lamps have been designed to burn heavy kerosine, by 
modifying the burner so that it dips into the oil, thereby 
raising its temperature and lowering its viscosity. 

In ordinary lamps, the greater lift of the kerosine as 
the level falls is generally slightly offset by the increased 
viscosity of the kerosine caused by the warming up of the 
containers by conduction from the burner. In this con- 


nexion a glass reservoir would remain cooler than a brass 
reservoir. The actual difference in temperature, of course, 
varies with the type of lamp, but with lamps of the A.S.T.M. 
Saybolt type the difference in temperature between the 
oil in the container and that of the atmosphere does not 
generally exceed 5° C. 

(B) Char Formation on Wick. The second characteristic 
relates to the formation of a carbonaceous incrustation 
or ‘char’ on the wick of a lamp after it has been burning 
for some time. This char which may be hard and brittle 
or soft and powdery is easily detachable from the wick and 
is evidently formed from the kerosine itself. It may occur 
in irregular localized deposits ‘mushrooms’ which produce 
distortion of the flame and lead to smoking, or as a general 
deposit which encloses the surface of the wick and restricts 



Fig. 3. 


the size of the flame, eventually leading to its extinction. 
The cumulative effect of char formation is frequently 
reduced by the falling off of large particles of char if the 
lamp is moved, so that this factor must be taken into 
account when carrying out burning tests for an extended 
period of time. 

As a method of determining char formation Jackson 
[21, 1933] recommends the use of the A.S.T.M. Saybolt 
lamp (D. 187-30) modified by the addition of a constant- 
level device adjusted so that the ‘lift’, i.e. the distance 
between the top of the wick and the surface of the kerosine, 
is 80 mm. After burning for 24 hours the char is very 
carefully detached from the wick and weighed. The 
following results of tests on four different commercial 
kerosines illustrate the wide variation in the amount of 
char formed by normal kerosines on the market. 


Table XVII 


Kerosine A 
» B 

M c 

» D 


Weight of dry char per 
litre of oil burnt 

66 

56, 59 (2 tests) 

18 

8 
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The Institution of Petroleum Technologists has tenta- 
tively standardized a burning test [48, 1935] in a simpler 
type of lamp, not fitted with a constant-level device. For 
most kerosines of fairly low viscosity the two lamps do 
not give very dilferent results, but the constant-level device 
facilitates the burning of kerosines of fairly high viscosity. 
In tests, therefore, where the char value due solely to the 
chemical characteristics of the kerosines is required, the 
former test is more suitable. Where, however, the char 
value, possibly affected by the viscosity of the kerosine, is 
required, the latter test may be regarded as more in line 
with practical conditions. However, in actual practice 
there is such a wide variation in the shape of the oil con- 
tainer, frequency of filling, &c., that it may be preferable 
to gauge the burning value of the kerosine under ideal 
supply conditions, and to make allowance for any viscosity 
effect, i.e. starving of the feed when the level of the kerosine 
falls. 

Causes of Char Formation. As in the case of the candle- 
power of a kerosine flame, the char formation is affected 
by two considerations, (a) the design of the burner, and 
{b) the characteristics of the kerosine. 

(a) A consideration of the fact that the same kerosine 
when burnt in lamps with different burners gives different 
char values renders it obvious that the design of the burner 
is responsible for at least a portion of the char formation. 
The amount and type of char formation is probably 
related to the way in which the kerosine breaks down in 
contact with the wick. Temperature and pressure condi- 
tions resulting from the method of introduction of the air, 
<&c., undoubtedly play a part determining whether the 
decomposition produces, in addition to carbon particles, 
any heavy residues difficult to burn under the conditions 
obtaining at the wick. An investigation of the cracking 
characteristics of different kerosines might throw some 
light on this problem. There is no doubt that char forma- 
tion when burning any type of kerosine could be consider- 
ably reduced by adjustment of the design of the lamp, but 
.so far this has received very little attention. The char 
formation is accelerated by undue cooling of the wick, as 
when it is turned up high in order to obtain a greater supply 
of oil to the flame. Wicks with a high ash content also 
have been found to give higher char values than those with 
low ash contents. 

(b) With regard to the effect of the characteristics of the 
kerosine on the char formation, Jackson [21, 1933] con- 
siders the presence of the following important; 

(1) Unsaturated bodies. 

<2) Sulphur compounds. 

<3) Aromatic hydrocarbons. 

(4) Fractions of relatively high boiling-point. 

(5) By-products of refining. 

(6) Dye or other contaminating bodies. 

(1) Moerbeek [36, 1933] states that kerosines contain- 
ing unsaturated hydrocarbons produced by cracking give 
heavy char formation, but such kerosines arc not used to 
any extent in wick-fed lamps. 

(2) Little information is available as to the effect of 
sulphur compounds on char formation. Moerbeek (loc. 
cit.) considers the sulphur content as such to have no 
■effect on the incrustation. There is possibly, however, an 
indirect effect in so far as it is very difficult to refine a 
kerosine distillate of high sulphur content so as to produce 
an oil of low char value. 

(3) Moerbeek (loc. cit.) considers kerosines with an 


excessive tendency to smoke liable to give heavy incrusta- 
tion which, however, is softer and more amorphous and 
also less objectionable than that caused by other factors. 

It is certainly the case that edeleanized kerosines in general 
give less char formation than unedeleanized grades of the 
same origin. 

(4) Moerbeek (loc. cit.) points out that while fractions 
of high-boiling range tend to give greater incrustation 
than those of lower boiling range, the effect is not so pro- 
nounced with edeleanized kerosines, so that with such 
grades higher final boiling-points are permissible than with 
non -edeleanized kerosines. 

(5) He also confirms that the presence of by-products of 
the refining process, not removable by washing with soda, 
which have been formed by over-treating highly sulphurous 
distillates at too high temperatures will produce char. 
Thus a distillate refined to 0*1% of sulphur keeping the 
refining temperature down to 10-1 5"' C. gave little char, 
while the same distillate refined to the same sulphur 
content but at a temperature of 30-35” C. gave a very heavy 
incrustation. A dark residue left when carrying out the 
A.S.T.M. distillation test usually indicates that the kero- 
sine contains unstable fractions which will give rise to 
heavy char formation on burning. 

The presence of appreciable quantities of sulphonic or 
naphthenic acids, or salts of these acids, may be detected 
by the ‘Natron’ test [20, 1935]. In this test the kerosine 
is extracted with caustic soda solution, the extract neu- 
tralized with hydrochloric acid, and the presence of soaps 
detected from the resulting turbidity of the solution. A 
layer of the solution in a test-tube of diameter 25 mm. 
should be sufficiently translucent to allow small type to 
be read through it. The ‘Flock’ test [8, 1927] also gives 
an indication of the presence of any impurities in the 
kerosine which are unstable to heat and therefore liable 
to give high char formation. 

(6) The presence of contaminants such as fuel or 
lubricating oils are liable to cause high char formation, 
even when present in small quantities. In this connexion 
a char value of, say, 16 mg. per litre (l.P.T. lamp) corre- 
sponds to only 0002^,,), so that the effect of a small quantity 
of contaminant may be very pronounced. 

A special application of kerosine demanding the main- 
tenance of good illuminating value over a long period is 
its use in railway signalling lamps. The kerosine is ex- 
pected to maintain a steady flame of specified dimensions 
for 7 days without smoking. The suitability of a kerosine 
in this respect may be determined by the A.S.T.M. method 
(Serial Designation D. 219-30) or the l.P.T. method (Serial 
Designation L.T.B.O. 35). Baker [3, 1932] points out the 
necessity for high luminosity of that portion of the flame 
which is at the focus of the lens of the signal lamp. 

The char value is also of the greatest importance in 
kerosine used in lamps in incubators, brooders, &c., where 
the lamps are required to burn for a long time with the 
minimum of attention. In the case of incubators and 
brooders a constant-flame size is of great importance. 
The formation of heavy char will reduce the size of the 
flame, and eventual extinction may endanger the safety 
of the eggs or chickens. On the other hand, the viscosity 
of the kerosine should not be too low, as the container 
tends to become hot owing to the lamp being burnt in an 
enclosed space. For this reason the flash-point of the oil 
should also be as high as possible. In the case of brooder 
lamps it is of importance that the oil should not evolve 
fumes, particularly of a sulphurous nature. 
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Wick-fed kerosine lamps were at one time largely used 
for lighthouse work, though they have now been super- 
seded by the incandescent mantle vaporizing type (q.v.). 
In 1882 a Douglas burner having six concentric circular 
wicks giving a candle-power of 4,800 was installed in the 
Eddystone lighthouse and was later replaced by a 10- wick 
burner of 7,900 candle-power. The cooling of the wicks 
of such a burner was a difficult matter. 

(3) Formation of Film on the Chimney. The third main 
qualification is that the kerosine in the course of burning 
should not give rise to heavy deposits of film on the lamp 
chimney. 

The formation of such deposits depends not only on the 
hydrocarbon composition of the kerosine, but on its im- 
purities, mainly sulphur compounds. 

A brownish deposit indicates incomplete combustion 
with the production of smoke, and may be due to the forma- 
tion of excessive char or to burning the kerosine in a 
draughty place. In the latter case a kerosine of higher 
smoke-point should be used. 

A bloom of white, grey, or blue colour is due primarily 
to the effect of the sulphur content. Moreover, the forma- 
tion of this bloom depends on two other factors, the 
temperature of the lamp chimney and the draught, and the 
purity of the atmosphere in which the lamp is used. 

This question was investigated by Kewley and Jackson 
[24, 1927], who showed that the composition of the bloom 
depended on various conditions. It may contain sodium sul- 
phate, ammonium sulphate, and organic acidic bodies from 
the oxidation of the sulphur compounds in the kerosine. 

Alkali derived from the lamp chimney itself plays a 
part. It is found that, other things being equal, new lamp 
glasses give more bloom formation than do those which 
have been used and cleaned several times. The presence 
of ammonia in the atmosphere strongly accentuates bloom 
formation, as does the presence of fog, particularly of the 
smoky variety. The necessity of carrying out burning tests 
in a pure atmosphere is therefore obvious. However, even 
with used lamp glasses frequently cleaned and in a pure 
atmosphere bloom still forms on the chimneys of certain 
types of lamp with oils of relatively high sulphur content. 
TTie bloom so formed on a silica lamp chimney was found 
to consist of organic sulpho acids or bodies of a similar 
nature, and also sulphates of sodium with traces of potas- 
sium and calcium, probably derived from the wick. 

The formation of bloom depends in any case largely 
on the design of the lamp chimney. The bulging type 
which keeps relatively cool is particularly prone to this 
trouble, whereas the long, narrow type, which is relatively 
much hotter, rarely shows a bloom formation even with 
a bad kerosine. A chimney which widens suddenly near 
the top (crimp top type) gives a less steady and powerful 
draught than a chimney which has straight sides or 
narrows evenly from the bulge. In the latter type of 
chimney a flame is therefore less liable to flicker. The 
whole problem of efficient burning of kerosine in wick-fed 
lamps is, however, intimately connected with the design 
of the lamp in which it is to be used; therefore to get 
maximum efficiency the lamp most suitable for the type 
of kerosine in question should be used. 

(b) Wick-fed Blue Flame Appliances. 

Blue flame burners are usually designed in such a manner 
that the flame bums in the annular space between two 
concentric cylinders both perforated with numerous holes. 
The design, dimensions, and arrangement of these holes 


are so correlated with the factors determining the draught 
that a blue hot flame is obtainable. Such burners give 
complete combustion so that if kept clean smell is practi- 
cally absent. Many such stoves or cookers are fitted with 
a constant-level feed so that the falling off of the flame with 
fall of level in the reservoir is avoided. Certain cookers 
of this class are fitted with short asbestos wicks dipping 
into an annular reservoir supplied from the constant f^d, 
arrangements being made for regulating the height of the 
flame. 

Although the choice of kerosine as an illuminant is 
determined mainly by reasons of convenience rather than 
of economy, the cost of illuminating being small, in the 
case of heaters and cookers with relatively large oil con- 
sumptions economic considerations play a great part, the 
efficiency as well as the cost of the fuel coming into con- 
sideration. 

There are few indications available to assist in the selec- 
tion of a suitable kerosine for use in blue flame burners, 
but it is probable that the design of the burner is of not 
less importance than in the case of a white flame burner. 
In addition to possessing a low tendency to develop char 
under the particular conditions, it is important that the 
kerosine should not evolve vapours of an unpleasant 
odour or give products of combustion which attack the 
bottoms of cooking vessels. The sulphur content should 
therefore be as low as possible, but this is not always 
a guarantee that metals will not be attacked, since some 
sulphur compounds which may be present in quite small 
quantities have a greater tendency to attack metals, 
particularly copper, than others. 

The possibility of designing a blue flame wick-fed 
burner and using this flame to heat an incandescent 
mantle has long been realized and successful lamps and 
heaters embodying this principle are now in general use. 
The successful designing of such a burner is not an easy 
matter, as very small variations in dimensions of the 
essential parts of the burner have a very great influence 
on the flame. The common behaviour of practically all 
lamps — that of the increase of the size of the flame- 
accompanied by the risk of smoking, due to the heating up 
of the metal parts of the burner and the reduction of the 
viscosity of the kerosine, is a difficulty with which all 
designers have to contend. The illuminating power of such 
a burner for a given consumption is much greater than that 
of the best type of plain wick burner. This is illustrated by 
the following candle-power determinations on an edelean- 
ized kerosine (no. 3 in Table II, p. 2471) in an incandescent 
mantle lamp and a circular wick lamp, when burnt at 
the same consumption : 

Table XVIIl 


Type of burner 

Incandescent Circular 
mantle lamp wick 


Consumption g. per hr. 
Candle-power (Hefner candles) 


69 68 

76-8 25-7 


With incandescent mantle lamps of the blue flame type 
a high grade of kerosine is essential. A grade which has 
a high tendency to form char is liable to give a yellow flame 
in peaks which affect the incandescence of the mantle. 


(c) Vaporizing Appliances. 

Lamps, heating stoves, and cookers employing the 
principle of vaporizing the kerosine and burning the air- 
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vapour mixture have been developed to a considerable 
extent, and many successful types of such appliances are 
now available. 

Burners of this type are generally started by preheating 
by methylated spirit or a blow lamp, before admitting the 
kerosine to the vaporizer, but devices for starting with 
kerosine are sometimes used. An important modification 
of this sytem, consisting of using the vaporized kerosine 
mixed with air as a gas for heating incandescent mantles, 
was introduced by Arthur Kitson about 1900. 

This system was adopted by Trinity House, who are 
responsible for the management of British lighthouses, with 
the result that the large majority of lighthouses which do 
not have electricity available now use this type of lamp. 
Such lamps give an intrinsic brightness from 300 to 330 
candles per sq. in. of mantle surface. 

The figures given below indicate the improvements 
effected by the introduction of this type of lighting. 

Table XIX 

i Candle-power of ^ Intrinsic brightness; 


Type of burner | jiame or mantle \ per sq. in. 

4-wick (type a) . \ 230 i 23-6 

4-wick ( „ b) . j 350 i 54-43 

Mantlet „ a). | 1.250 j 156-25 

„ ( „ . 1,150 , 328 57 


In all appliances of the vaporizing type the kerosine is 
vaporized by passing through a highly heated vaporizing 
tube under pressure. The pressure must be adequate to 
give the stream of kerosine vapour, issuing from a fine 
orifice at the end of the vaporizer, the necessary velocity 
to draw into the mixing tube sufficient air to form a gas 
which, when burning with the secondary supply of air 
available around the flame, results in a non-luminous flame. 
These conditions are easily satisfied. Appliances which may 
be called upon to burn continuously, or even intermittently 
for long periods without cleaning, call for considerable 
care in design in order to avoid the clogging up of the fine 
nozzle with products of decomposition of the kerosine or 
of its action on the metal walls of the vaporizing tube. 

The temperature of the vaporizing tube of such stoves 
may be about 450'' C., that of the lighthouse burners 
somewhat higher, about 500^" C. At these temperatures, 
especially in view of the very short time that the kerosine 
is exposed to the heat, cracking does not take place to any 
appreciable extent. McHatton and Kirby [42] investigated 
this question by passing kerosine through a silica tube, 
fitted with a brass liner, heated in an electric furnace at 
definite rates, and condensing and collecting the issuing 
vapours by means of a tube cooled to —70'" C. A variety 
of kerosines of various types were examined, ranging from 
edeleanized paraffin types to highly aromatic types. Up 
to temperatures of 500° C. all types showed practically 
no indications of cracking, the condensed distillates having 
negligible bromine values and no permanent gas being 
produced. At temperatures round about 575° C. evidences 
of slight cracking were found, the bromine values of the 
distillates ranging from 4 to 12, for the kerosines used. At 
these temperatures only traces of uncondensable gas were 
evolved. At temperatures of the order of 600° C., however, 
considerable cracking was evident, condensates with 
bromine values of from 6 to 20 being obtained and un- 
condensable gas to the extent of from 1 to 6% by weight. 
No definite correlation between chemical type and the 
amount of cracking could be drawn from the number of 
samples examined. 

IV 


The absence of appreciable cracking was confirmed by 
examination of the small quantities of deposits obtained 
from the vaporizing tubes. These were found to consist 
largely of sulphides of the metals of which the vaporizing 
tubes were made. 

As the temperatures of the vaporizing tubes of the 
appliances in general use are well below the temperatures 
at which appreciable cracking takes place, the fact that so 
little trouble is experienced in practice from the clogging 
up of vaporizing tubes is easily explained. 

A wide range of kerosines appears to be quite suitable 
for use in vaporizing burners, the only difficulty with some 
kerosines being the tendency to corrode the vaporizer 
tubes. 

Owing to the widely differing conditions obtaining in 
vaporizing burners it is not possible to define the criteria 
of a satisfactory kerosine for these appliances. 

Kerosine for Power Purposes 

The use of kerosine as a fuel for internal-combustion 
engines has increased considerably during the last decade 
or two. The tendency of consumers to use one type of 
kerosine for the double purpose of an illuminant and an 
internal-combustion engine f^uel has tended somewhat to 
retard the development both of engines and of power 
kerosines. It is, however, now being gradually realized 
that the characteristics of a good power kerosine differ 
widely from those of a good illuminating oil, in many cases 
being diametrically opposed. 

The two types of kerosine engines — the hot bulb and the 
spark ignited — operate on different principles and accord- 
ingly require different types of fuel. 

Hot-bulb Engines. 

In the hot-bulb engine, a compressed charge of fuel 
and air is ignited by a heated cap or bulb, situated at the 
top of the cylinder of the engine. In order to start the 
engine, the bulb must be heated with a blow lamp. After 
running for some time the heat of compression assisted 
by the residual heat in the hot bulb is sufficient to ignite 
the mixture of kerosine and air, the fuel being injected by 
a pump into the combustion chamber at the beginning of 
the suction stroke. The compression ratios used are very 
much lower than those of Diesel engines (about 4 to 1), 
the actual pressure being about 64 lb. per sq, in., but the 
fuel requirements, as might be expected, are more in line 
with those of the Diesel engine than of the gasoline engine. 
Hot-bulb engines arc very sensitive and require adjustment 
of the bulb temperature to the type of fuel employed. The 
main factors which determine the suitability of the fuel 
to the engine are (1) volatility and (2) chemical composition. 

1. Volatility. A moderately high mean volatility is 
necessary to ensure complete combustion of the fuel, in 
view of the relatively low temperatures in the combustion 
chamber. Generally speaking, kerosines for this type of 
engine should show about 30% distilling to 2(X)°C. and 
a final boiling-point not exceeding 300° C. 

2. Chemical Composition. A high anti-knock value, 
usually associated with a high spontaneous ignition tem- 
perature, is undesirable. The aromatic and naphthene 
hydrocarbons, which are largely responsible for the high 
anti-knock value so desirable in a gasoline, are the cause 
of late ignition in hot-bulb engines. This late ignition 
results in misfiring and cooling off* of the bulb until 
eventually the engine ceases to fire. On the other hand, 
a high content of paraffin hydrocarbons, as in the case of 
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a highly edeleanized kerosine, may cause ignition to take 
place too early, resulting in over-heating of the bulb and 
heavy carbonization. It is of the greatest importance, 
therefore, to suit the fuel to the engine, or vice versa. 
Generally speaking, a moderately good burning oil of 
adequate volatility and not too high a final boiling-point 
will give satisfactory service in a hot-bulb engine. The 
production of the hot-bulb engine is, however, on the 
wane, so that fuels specially designed for these engines 
are not generally available. 

Spark-ignition Engines. 

Recent developments in the design and flexibility of 
spark-ignited kerosine engines have led to a great deal of 
attention being paid to the requirements of these engines; 
on the other hand, the greater convenience and cheaper 
running costs of the small high-speed Diesel engine, as 
compared with the inherent disadvantages and dearer 
fuel costs of the kerosine engine, may retard the develop- 
ment of both types of engines designed to use this fuel. 
Much attention has been directed to the conversion of 
gasoline engines to use kerosine as fuel by the incorpora- 
tion of heated vaporizers with some degree of success. 

There are two main types of vaporizers in common use, 
viz. (^) normal type of dual carburettors, and (b) auto- 
matic bi-fuel carburettor. 

(a) The usual vaporizer system possesses separate 
carburettors for the gasoline and kerosine, while the air 
intake passes through a manifold heated by the exhaust 
gases from the engine. The engine is started on gasoline 
and changed over to kerosine as soon as the manifold is 
hot enough to heat the air intake to a temperature sufficient 
to vaporize the kerosine. 

(b) The use of an automatic bi-fuel carburettor with twin 
float chambers has the advantage of permitting an in- 
creasing quantity of kerosine to be used as the throttle is 
opened. The engine starts on the gasoline, and is gradually 
switched over to kerosine automatically as the throttle 
is opened. 

The requirements of kerosine for this type of engine arc 
in general comparable to those of gasoline. The behaviour 
of a power kerosine in a spark-ignited engine is judged by: 

1. Ease of vaporization. 

2. Anti-knock value. 

3. Lubricating-oil dilution. 

4. Consumption. 

I . Ease of Vaporization. Spark-ignited kerosine engines 
are generally started up on gasoline, the kerosine fuel 
being switched on as soon as the engine manifold has 
become hot enough to heat the incoming air sufficiently 


to vaporize the kerosine completely. It is therefore 
essential that the kerosine should have sufficient volatility 
to pick up from the gasoline starting as soon as possible. 
The exact volatility requirements will, of course, depend 
on the efficiency of the heating of the inlet air by the 
exhaust gases. If the kerosine used is insufficiently volatile, 
the inlet air must be heated to a higher temperature, thus 
reducing the volumetric efficiency of the engine. It is 
generally considered that a power kerosine should have 
at least 50% distilling to 200'’ C. A high volatility also 
increases the flexibility of the engine and facilitates running 
under light loads. 

2. Anti-knock Value. In an attempt to improve the 
efficiency of kerosine engines the compression ratios have 
been gradually increased, so that in order to keep pace with 
the fuel requirements of such engines it has become 
necessary to supply fuels with high anti-knock values. 

The anti-knock value of a kerosine is invariably lower 
than that of a straight-run gasoline made from the same 
crude, so that power kerosines arc generally of much lower 
anti-knock value than gasolines Fortunately, the im- 
provement of kerosines as illuminants by means of solvent- 
extraction processes, such as the Edeleanu process, results 
in the production of an extract relatively rich in aromatics 
of high anti-knock value, and eminently suitable for the 
production of power kerosines. Power kerosines, especially 
if made from crudes mainly paraffinic in character, are 
thus often improved by admixture with Edeleanu extracts. 
This convenient fact imparts a considerable degree of 
flexibility to the manufacture of kerosines of both types. 
The design of the engine is, however, limited by the knock 
rating of the kerosines available. 

3. Lubricating-oil Dilution. The greatest disadvantage 
of the use of kerosine in an automotive engine is the 
increased wear on the engine parts caused by dilution of the 
lubricating oil with incompletely vaporized kerosine. Under 
conditions of light load, the air intake is liable to be 
insufficiently heated to vaporize the kerosine completely. 
For this reason the end-point should be as low as possible, 
preferably not above 270" C. With engines working under 
a fairly constant load, such as agricultural tractors, the 
tendency to dilute lubricating oil is not so great, but it is 
still a very important factor. 

4. Consumption. A large part of the power kerosine 
sold in agricultural districts is packed in tins or drums and 
sold by volume. A high specific gravity is therefore 
desirable, as a greater weight of kerosine, and therefore 
a higher calorific value, is obtained per unit volume, the 
area ploughed, &c., with unit volume of the kerosine being 
frequently an important factor in deciding the grade 
chosen. 
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1. INTRODUCTION 

Under this heading are comprised fuels for small Diesel 
engines, for high-speed engines, for semi-Diesel engines, 
&c., and, generally speaking, for such engines as are some- 
what particular as to their fuel, on account of poor design, 
&c.; it comprises also fuels for big or slow-speed engines 
in cases where fuel cost is of secondary importance against 
features like ease of starting and extreme reliability (peak 
load and emergency sets). Even spark-ignition engines, 
either simply of the carburettor type or of the injection 
type, have to be considered. The name ‘light Diesel fuel’ 
therefore refers more to its easy use in engines than to low 
specific weight, low boiling range, low viscosity, &c. 

The principal characteristics of these engine types will 
be explained in a few words, in order to understand their 
different requirements. 

ia) Compression-ignition Engines (C.I. Engines). 

Air only is aspirated and compressed to a high pressure 
and temperature (volumetric ratio 1:13-20). Fuel is in- 
jected near T.D.C. under high pressure and atomized. 
Combustion starts owing to self-ignition, usually when only 
a small part of the spray has been introduced. Therefore, 
the chance of fuel coming into contact with cold walls is 
relatively smaU; nevertheless this may happen, especially 
in small engines or in engines with neglected nozzles. 

(b) Hot-surface-ignition or Akroyd Engines. 

These work on nearly the same principle, but the com- 
pression ratios are lower (1:7-10), so that for maintaining 
ignition use is made of uncooled parts of the combustion 
chamber walls, which assist evaporation and ignition. The 
spray device may be much cruder than that of the C.I. 
engines, as the uncooled parts, assisted by some turbulence, 
take charge of evaporation and distribution. Ignition is 
usually self-ignition ; sometimes the injection is very early, 
in which cases a considerable ignition lag is required to 
avoid too early ignition; in some cases flame ignition re- 
sulting from hot gases of a previous cycle is relied upon; 
then the injection can be later and the danger of pre-ignition 
is less. 

(c) Spark -ignition Carburettor Engines. 

In this class of engine it is sometimes attempted to burn 
heavier fuels than power kerosine. Fuel and air are mixed 
outside the cylinder, with preheating arrangements, in 
order to obtain a stable mixture of fuel and air. The 
mixture is aspirated and compressed (volume ratio 1:4), 
then fired with a spark. Preheating may cause gummy 
deposits in the induction system. As the mixture is for a 
long time in contact with engine walls, there is a danger of 
condensation, causing, for instance, dilution of lubricating 
oil. Self-ignition must be avoided (detonation), which is 
an exigency contrary to that for a Diesel fuel and which 
makes the use of light Diesel fuels for such engines a doubt- 
ful compromise, although attractive because of the lower 
price. 


{(1) Spark-ignition Injection Engines (Hesselman low- 
pressure type). 

Air is again introduced separately and a low compression 
ratio is used (1 :5-7). The fuel is injected near the end of 
compression and is ignited by an electric spark. The time 
for contact between fuel and engine walls is still slightly 
longer than with C.I. engines. Again self-ignition must be 
avoided, but since the fuel is only partly injected at the 
time of ignition, there is not much chance of self-ignition 
or detonation occurring. 

Table I gives the above types of engine with their fuel 
requirements in principle. 

Table I 


Enf^ine types 


Fuel 1 

Com- 

pression 

Ilot- 

surjace 

Spark ignition 

Carburet- \ 

requirements 

ignition 

ignition 

tor 1 

Injection 

Volatility 

Rather un- 

Rather im- 

Very im- 

Rather im- 


important 

portant 

portant 

portant 

Ignition quality 

Rather im- 
portant 

Important, 
but de- 
pends on 

1 type 

Impor- 

tant 

Rather im- 
portant 

1 

High 

1 

1 

Low 

Low 

Viscosity | 

Rather un- 
important 
] Not too 

1 low 

1 Rather un- 
1 important 
Not too 

1 low 

Impor- ] 
' lain 

1 Rather un- 
i important 
j Not too 
low 

Tendency to 

Not im- 

1 Not im- 

Very im- 

j Not im- 

form gum 

j portant 

I portant 

; portant 

portant 


The conditions for a light Diesel fuel are adequately met 
by the fuels called gas oil or solar oil in Europe and eastern 
countries, and by stove oil or light furnace oil in the U.S.A. 

The main requirement of such a fuel is the absence of 
constituents of low volatility, which may be harmful to 
combustion efficiency, when contact of the fuel spray with 
the walls of the combustion chamber cannot be avoided 
(particularly in small high-speed engines) and when the 
nozzles are prone to carbonization (overheating, poor 
design). Particularly the percentage of asphalt should be 
very low. Some crude oils do not contain such asphalts 
by origin; others are freed of asphalt by distillation or 
some other means. 

The viscosity of light Diesel oils should not be too low, 
neither too high, as the small high-speed units as a rule 
are not equipped with a device to preheat their fuel before 
it passes the last filters and the injection pumps and nozzles, 
but with fuels free from asphalt the upper limit of viscosity 
is scarcely reached in practice. 

The fuel is not further refined chemically, like petrol or 
lamp oils. As it is practically not exposed to air under 
oxidizing conditions until its introduction in the cylinder, 
refining in order to remove products likely to develop 
gummy matter appears to be superfluous. 

Part of the pressure distillate obtained at the cracking 
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plants is sometimes used also as a Diesel fuel» either singly 
or blended with straight-run distillates. The cracked 
material is distilled and thereby divided into the cracked 
residue and the pressure distillate. The latter is fractionated 
in order to take off the cracked petrol fractions; the re- 
mainder, the pressure distillate bottoms, is either used as 
recycling stock or, if its further yield of light fractions is 
unsatisfactory, it is taken out of the further process and 
used, for instance, as a light Diesel fuel, as it has suitable 
properties. 

In particular in the U.S.A. the larger part of light Diesel 
fuels consists of this material, as straight-run gas oils are 
too valuable a charging stock for cracking operations. As 
the P.D. bottoms have been once or more through the 
cracking apparatus, they have some particular characteris- 
tics that may cause them to differ from most straight-run 
oils. We refer firstly to the fact that the prolonged exposure 
to high temperatures has diminished the content of easily 
decomposable constituents, which lowers the ignition 
quality somewhat. However, a cracked oil from a certain 
crude may still be higher in ignition quality than the 
straight products from another crude. Furthermore, with 
highly cracked products, the content of unsaturated com- 
pounds, in particular those which tend to form gums, may 
be so high that on storage gum may be formed, causing 
difficulties with filters and the injection apparatus. For 
such products, therefore, further refining may be necessary. 
Large quantities of P.D. bottoms are, however, used quite 
successfully. Pressure distillate bottoms such as Diesel 
fuels are frequently used in oil-less countries which have 
prohibited or restricted the import of finished petroleum 
products, and in those countries, therefore, extensive crack- 
ing plants are found for the manufacture of petrol and 
other distillates. 

Owing to their lower volatility range the light Diesel 
fuels have a considerable advantage over the lower boiling 
fuels (such as motor spirit and kerosinc) from the point of 
view of fire hazard. In this connexion all civilized countries 
have legislation covering the storage and transportation of 
the lighter fuels. As a rule the criterion applied to deter- 
mine whether a particular fuel is to be regarded as hazar- 
dous or not is a so-called ‘ flash-point ’ test, which consists in 
determining the lowest temperature at which the liquid, 
when tested in a particular form of apparatus under 
standardized conditions, yields an ignitable air-vapour 
mixture. The method followed and the instruments em- 
ployed unfortunately difter in various countries. As ex- 
amples we may cite for kerosines; the Tag Closed tester 
(A.S.T.M. Method D. 56-21), as employed in the U.S.A. , 
the Abel method employed in Great Britain (Petroleum 
Act, 1926), the Abel-Pensky method which is lollowed in 
Germany (Physikalisch-technische Rcichsanstalt, Berlin, 
1913) and several other European countries, and the Lu- 
chaire test of the French Customs. Although, as stated, the 
flash-point was primarily intended purely as a measure of 
fire hazard, it has in the course of time become usual to 
apply a similar test also to the higher-boiling oil fractions, 
even if they are obviously non-hazardous. The methods 
applied in this case comprise: the Pensky-Martens closed 
cup test (I.P.T. Standard Test, A.S.T.M. Standard D. 93- 
22), and the Cleveland open cup test (A.S.T.M. D. 92-33). 
These tests are frequently regarded as giving a certain 
measure of the volatility of the material (and hence an 
indication of its origin), but it is obvious that it is preferable 
to determine volatility directly by some standardized dis- 
tillation procedure (see below). 
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The flash-point gives no information as to the burning 
properties of the fuel. 

II. PHYSICAL AND CHEMICAL 
CHARACTERISTICS 

In the following the principal physical and chemical 
characteristics of light Diesel ffiels are discussed with re- 
spect to the practical significance thereof. 

(a) Distillation Range. 

The volatility or distillation range of light Diesel fuels 
is usually determined by a standard distillation test. The 
use of the method introduced by the American Society for 
Testing Materials (A.S.T.M. Standard Method D. 158-28) 
is very widespread, although some countries still employ 
other procedures (c.g. the Luynes-Bordas method of the 
french Customs, Journal Officiel, 17 Nov. 1926). It should 
be realized that all such tests give entirely conventional 
results, the distillation curve obtained being always an 
intensely ‘sinoothed-out’ version of the actual boiling- 
point percentage graph, owing to the very low degree of 
fractionation present. 

Table II gives some figures obtained with the A.S.T.M. 
distillation method on three typical light Diesel fuels. 

Table II 



Initial 










' Final 

' /O 


b.p. 

10 

20 

30 

40 

50 

60 

70 

SO 

90 

1 b.p. 

1 ojf 

Gasoil (1) 

228 

254 

263 

271 

279 

288 

298 

320 

322 

341 

1 362 

1 95 

(2) 

! 202 

225 

i 232 

1 239 

! 247 

256 

! 267 

279 

298 

325 

' 350 


Distillate (3) 

! 221 

272 

!290 

307 

324 

1 338 

1 354 

370 



i 375 

1 

74 


These results illustrate the influence of the method of 
manufacture on the character of the fuel. Gas oil (1) is 
a product obtained after removal of a portion of the kero- 
sine fraction; gas oil (2) is a light Diesel fuel made without 
kerosine production (as indicated by the lower initial 
boiling-point); whilst distillate (3) is a product with a con- 
siderably higher final boiling-point, owing to the fact that 
it was obtained in distilling down to a bitumen. 

For high-boiling fractions, over about 370'^ C., the 
A.S.T.M. or similar distillation tests are not reliable, as 
cracking sets in, due to the long heating time, during which 
the temperature of the liquid is still higher. This is also 
serious inasmuch as heavy distillates cannot be readily 
distinguished in this way from fuels blended with heavy 
residue. Cracking during the distillation test results mainly 
in an increased percentage distilled, as light fractions are 
formed, and in the formation of carbonized residue in the 
flask. The formation of low-boiling cracked products, if 
serious, is usually noticeable by the discontinuity of the 
distillation curve, to which Sass [19, 1935] has again drawn 
attention. Coke is formed during distillation; it must be 
emphasized that this coke is a product of the destructive pro- 
cess in the distillation flask and that it has no direct bearing 
on the behaviour of the fuel in the engine, notwithstanding 
opinions to the contrary (Lunge-Berl [12, 1921]). The 
occurrence of decomposition during distillation may, on the 
contrary, point to the presence of paraffinic hydrocarbons 
of good ignition quality; when the phenomenon occurs, it 
is not justifiable to connect it with bad burning qualities 
or even abnormal cylinder wear (Sass, ibid.). 

The curve obtained by an A.S.T.M. or similar distillation 
test is, as already stated, a conventional measure of the 
volatility range of the fuel, its shape being determined by 
the relation between the composition of the vapours in 
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equilibrium with the boiling liquid at any stage of the dis- 
tillation and the small degree of fractionation present. In 
the case of the lower-boiling fuels (motor spirit and kero- 
sine) it was at one time usual to determine the so-called 
* dew-point’, as this is more closely related to conditions 
during carburation. (The dew-point is the temperature at 
which vapours at atmospheric pressure of a totally volati- 
lized liquid are in equilibrium with the first trace of con- 
densed liquid.) It was found, however, that the dew-point, 
in the case of these lower-boiling fuels, usually coincides 
fairly accurately with the 65 vol. % point on the A.S.T.M. 
distillation curve, and the direct determination of the dew- 
point is now seldom carried out. The relation between the 
dew-point and the course of the distillation curve is not 
known in the case of a Diesel fuel, and at all events it is 
doubtful how its influence on the evaporation process in 
the Diesel engine should be interpreted. The conditions 
in a Diesel engine are, of course, quite different from those 
during the distillation test, the air-pressure being of the 
order of 30-40 atm. at the moment of injection, whereas 
the vapour-pressure of the fuel, starting at zero, reaches 
some 0-3 atm. after evaporation of a full charge of fuel, 
where this is evenly distributed. Locally, due to uneven 
distribution, vapour-pressures may be much higher. Still, 
some such point as the dew-point might be of use for 
determining the relative ease of complete evaporation. 

About the influence of volatility of the fuel on com- 
bustion opinions appear to differ widely. Moore [14, 1928] 
and Le Mesurier and Stansfield [10, 1 1, 1931-32] are of the 
opinion that it is of no influence on the behaviour of 
the fuel and may only serve to identify the fuel to a certain 
extent. Sass was of the same opinion [18, 1929], but does 
not wish to maintain this opinion now [19, 1935], since he 
found various troubles with incomplete combustion or 
undue carbonization, which he ascribes to oils of unsuitable 
volatility. Since the fuels considered by Sass included fuels 
containing large amounts of asphaltic residue, there is no 
contradiction, if the authors suggest that for the light fuels 
the influence of volatility is usually beyond detection. 
Under average conditions of load it is not possible to find 
any difference in fuel consumption or even in carbon de- 
posit between fuels of widely different volatility. Actually 
in combustion chambers which are prone to over-penetra- 
tion of the fuel a lower boiling range is of some advantage, 
as it assists in evaporating quickly the deposits of over- 
penetrated fuel; on the other hand, if the engine is prone 
to under-penetration, too volatile a fuel makes the effect 
thereof worse; these effects are usually only noticeable near 
the power limit of the engine. It is evident that the over- 
penetration leads more readily to carbon formation, but 
the under-penetration with as a result a dirty exhaust may 
be as harmful from the point of view of piston troubles. 
A fact which makes the analysis of the effect of volatility 
in this respect difficult is that the 65% distillation points 
of distillate fuels correlate to some extent with viscosity, so 
that any effect of viscosity on penetration will be enhanced 
by a corresponding volatility effect (Fig. 1). 

(I?) Specilic Gravity. 

The specific gravity of hydrocarbons varies with their 
chemical nature and their molecular weight. For light dis- 
tillate fuels it varies, therefore, also with their nature and 
with the boiling range. The members of the paraffinic and 
olefinic series have the lowest specific gravities, the cyclo- 
parafiins or naphthenes somewhat higher, and the aromatic 
ring compounds the highest. Whilst specific gravity has, 


of course, no meaning by itself as to the behaviour of the 
fuel, it may give some indication about the chemical type 
of the fuel, if considered together with the boiling range. 
Even then a mixture of paraffinic compounds with aro- 
matics may have the same specific gravity as a mixture of 
naphthenic compounds; further information can then be 
obtained only after chemical analysis. 

In practice the specific gravity of light Diesel fuels may 
vary between 0*82 and approximately 0-93, the lower limit 
being represented by those fuels containing a minimum of 
naphthenic and aromatic and a maximum of paraffinic 



compounds or groups, whilst the oils of high specific 
gravity, on the other hand, are those rich in naphthenic 
and aromatic compounds or groups. The only importance 
of the specific gravity in practice, apart from identification 
of a fuel, lies in the rough relation between the chemical 
composition and the ignition quality of the fuel (vide Igni- 
tion Quality Indices on p. 2493). In the U.S.A. it is cus- 
tomary to express specific gravity as A.P.l. gravity degrees, 
for which the conversion formula is the following: 

"API. - ^ - 131-5; A.S.T.M. D. 287-33. 

Sp.gr.60 760 F. 

(r) Viscosity. 

Viscosity should be expressed in units of kinematic visco- 
sity; at the World Petroleum Congress [17, 1933] a resolu- 
tion was passed to that effect. The practical unit of 
absolute viscosity is the centipoise, that of kinematic visco- 
sity (relating to the rate of laminar flow under a head of 
liquid and equal to the absolute viscosity divided by specific 
gravity) the centistoke. Kinematic viscosity can be deter- 
mined with the B.S.I. (British Standard Method 188) and 
with the Vogel-Ossag viscometer (Erk [4, 1927]). 

In practice there are in use a variety of instruments 
(Engler, DIN DVM 3655; Redwood, I.P.T. Serial Designa- 
tion L.O. 8; Saybolt, A.S.T.M. Designation D. 88-36; and 
Barbey Ixometer) in which viscosity is measured by taking 
the time of outflow of a certain quantity of liquid. The 
relation between the values obtained on these instruments 
and kinematic viscosity is given elsewhere. It is seen that 
especially in the area of light Diesel fuels these instruments 
become gradually less sensitive, due to the beginning of 
turbulence of the outflow. Now for these fuels viscosity is 
of small importance, since it is always low enough to ensure 
efficient atomization as well as easy transportation and 
handling, and the only point usually raised is that the 
viscosity should be high enough to ensure a reasonable 
sealing of the fuel-injection system, and for this purpose 
only a direct measurement in centistokes or centipoises can 



2489 


LIGHT DIESEL FUELS 


serve. The only viscometers giving exact figures in this 
region are the above-mentioned B.S.I. and Vogel-Ossag 
instruments, in which, by means of special capillary tubes, 
the outflow is kept in the region of laminary flow. Fuel 
pumps and injectors are made with the moving part (pump 
plunger or needle valve) a lapped fit without any packing 
in the guide, and under the high pressures used for injection 
(100-500 atm.) a certain amount of leakage will always 
occur, which is a function of the fit, the construction and 
the pressure on one hand, the viscosity on the other. Le 
Mesurier and Stansfield found that the leakage was in- 
versely proportionate to the kinematic viscosity of the oil 
[10, 1931]. The pump leakage, in itself, is not important, 
since usually provision is made to recover the oil lost; 
modem fuel valves leak so little that it is not considered 
necessary to recover the oil, leakage being conducted to 
waste. The real trouble is that with too much leakage the 
control over the rate and the quantity of injection is lost; 
in particular this may be the case with fuel pumps employ- 
ing slide valves (Fig. 2), where the sealing length is very 
small indeed. The leakage takes place in that case towards 
the suction side of the pump, so that no oil is actually lost. 
Only high-class workmanship has made possible the great 
success of this type of pump. 

Minimum values such as 4-5 centipoises (abs. vise.) or 
5 centistokes (kinematic vise.) at 20 C., 35-sec. Redwood 



Fici. 2. hive positions of the plunger of a fuel pump. 


or 42-sec. Saybolt at 100' F., or 1-2 Englcr at 20" C. are 
sometimes found in fuel specifications, in order to limit this 
leakage; these values correspond very well with each other, 
but it must be kept in mind that the temperatures specified 
are merely those convenient for viscosity determination, and 
serve only as an indication of the fuel’s viscosity, which 
changes with temperature. Fig. 3 gives the viscosity as a 
function of temperature for some light fuels and shows at 
the same time at what engine temperatures these fuels are 
used in practice. The variation of viscosity with pressure 
(Hersey [7, 1929]) is not usually taken into account. 

The maximum admissible value for viscosity of light 
fuels is a matter of engine design, but practically the ques- 
tion is of little importance, since light fuels with viscosities 
over 25-30 Q 7 / 2 O" C. are very scarce, while fuels of this 
viscosity do not cause any trouble in high-pressure injection 
systems of C.I. engines; it may be too high for the simple 
sprayers of Akroyd engines, for which some preheating 
may be necessary. The low-pressure metering system of 
carburettors is unfit for dealing with such liquids because 
of the variation of viscosity with temperature. 

{d) Chemical Composition. 

As has already been stated, light Diesel fuels may be 
regarded as being mainly composed of hydrocarbons con- 
sisting of paraffin chains, naphthenic rings, and aromatic 
rings. In the order given these constituents show a dimi- 
nishing hydrogen and an increasing carbon content. In 


practice the carbon content of a light Diesel fuel varies 
between approximately 86 and 89%, the hydrogen content 
between 10 and 13%. The products always contain a cer- 
tain percentage of sulphur compounds (the sulphur content 
usually varies between 0-2 and 2%) and up to 1 % of other 
elements (oxygen, nitrogen, &c.). 

Chemical methods of separating the various groups of 
compounds and of determining the {percentage in which 
they occur are of doubtful value in the case of such low- 
boiling petroleum fractions as occur in motor spirits, 
and may be said to be extremely doubtful and therefore 
practically useless in the case of the higher fuel fractions. 
This is due to the fact that substitution becomes very much 
more probable as the molecular weight increases ; in other 
words, it is due to the fact that aromatic compounds with 
paraffinic side chains, aromatics combined with naphthenic 
rings, naphthenic rings with side chains, or compounds 
containing all these constituents undoubtedly do occur. 

A method of analysis which seems to offer considerable 
promise is that developed by Professor H. I. Waterman and 
collaborators [23, 1932]. This method does not aim at 
determining the percentage of compounds, but of the three 
above-mentioned constituents of the compounds, viz. the 
paraffinic chains, naphthenic and aromatic rings. The 
actual procedure cannot be described here, but it is based 
on the determination of the specific refraction and the 
average molecular weight of the material 
before and after a complete hydrogenation, 
by which means the aromatic nuclei are 
completely reduced to the corresponding 
saturated rings. A graph, calculated from 
the well-known specific refraction data of 
Eisenlohr, permits the hydrogenated oil to 
be expressed as containing a certain ‘aver- 
age number of rings per molecule', whilst 
the amount of hydrogen consumed during 
hydrogenation is a measure of the amount 
of aromatic rings in the original oil. (The 
original method can only be employed when olefines are 
absent, as can be determined by the bromine number.) 

The elementary analysis can serve only for the distinction 
of highly aromatic fuels from others, and for an approxima- 
tion of the calorific value. It does not lead to a conclusion 
about the ignition quality, which is dependent on molecular 
structure. Even the division into the main groups stated 
above is insufficient for that purpose, as, for example, 
straight-chain paraffins or olefines and corresponding iso- 
mers may behave quite differently (Boerlage and Broeze 
[2, 1932]). The ignition quality must at present be deter- 
mined experimentally. By reason of the fact that natural 
petroleum fuels do not appear to contain all the possible 
hydrocarbons within their boiling range, some relationship 
between ignition quality and their chemical character (made 
evident by specific gravity, aniline point, &c.) may be used 
to some extent as an ignition index (vide p. 2493), which, 
however, fails as soon as other, e.g. synthetic, hydrocarbons 
are taken. Apart from the influence on ignition the chemi- 
cal composition of the fuel has not been found to be of 
any practical importance for its combustion. The velocity 
of combustion after ignition has not been found to be 
influenced by the composition of the fuel (vide Com- 
bustion Research in C.I. Engines, part iii, p. 2902). The dif- 
ferences in composition have a slight effect on the amount 
of oxygen required for combustion, but for Diesel fuels this 
is inside the limits of the irregularity with which the com- 
bustible mixture is obtained in the engine. 
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Apart from the main composition the following details 
thereof may be of interest. 

Sulphur, which may occur up to some 2%, is present in 
various forms. The effect in practice of such small per- 
centages is very small; though undoubtedly corrosive acids 
are formed by the combustion of sulphur, which may 
attack the metals with which the flame gases come into 
contact under suitable temperature conditions, general ex- 
perience is that no serious harm ensues. Moore [14, 15, 
1928-35] warns against sulphur as an indication of hard 
asphalts, which is of interest for heavy residual fuels only. 

Oxygen may be present mainly in the form of acids. The 
organic acids found are mostly those occurring naturally 


Yet, with suitable construction of the engine, it may be 
burnt well. The light fuels of the types specified usually 
contain only about 01 %. 

Unsaturated compounds may be determined by the bro- 
mine value (Mcllhiney method [13, 1920]). Their presence 
mostly indicates that the fuel contains cracked products. 
Apart from this fact it is of no great interest. Bromine 
numbers up to 15-20 have been met with in fuels giving 
entire satisfaction. 

(e) Calorific Value. 

The calorific value is mainly dependent on the chemical 
composition of the fuel, as the calorific value of the main 



in petroleum, bearing the name of naphthenic acids; fatty 
acids are scarcely found, as are also phenolic acids, which 
are present in coal-tar oils. In certain naphthene base oils 
the acid value, expressed in mg. KOH/1, may go up to 2, 
although 1 is a better average for this type of oil. Naph- 
thenic acid is relatively harmless for metals, especially steel 
of which the polished pump parts are made. Copper is 
stained in the long run, but not in a measure to endanger 
the copper oil pipes. The only inconvenience with naph- 
thenic acid is its affinity for softer metals like zinc, which 
gives rise to difficulties when galvanized containers are 
used. The formation of metal soaps obstructing fuel filters 
and the presence of zinc-oxide formations in the com- 
bustion chamber (pale yellow deposit) have been observed. 
Mineral acids are not encountered. Asphalts are complex 
compounds of extremely low volatility and therefore should 
not be found in a light fuel. ‘Soft’ asphalt such as is deter- 
mined by the alcohol-ether test (Holde [8, 1933], p. 168) 
may go up to 1 % ; it is generally agreed that this kind of 
asphalt does not influence the combustion process. Moore 
[14, 1928; 15, 1935] leaves it out of the specification 
altogether. ‘Hard’ asphalt, such as is determined by 
methods employing low-boiling aromatic-free spirit, e.g. 
the test of the I.P.T. (Method A. 12) or the di-ethyl-ether 
test (Everett [5, 1934]), is usually considered to cause diffi- 
culties with combustion when present in large quantities 
(Moore [14, 1928; 15, 1935], Sass [18, 192.;; 19, 1935]). 


constituents, hydrogen and carbon, difiers widely. When 
determining the calorific value of a hydrocarbon in a bomb 
(Holde [8, 1933], p. 80), the water formed is condensed 
practically entirely, whereas in an engine the gas tempera- 
tures remain so high that there is no question of condensa- 
tion. As condensation of water vapour yields the high 
latent heat (about 600 kg.-cal./kg.), this may make an im- 
portant difference. The continental practice is to reckon 
with the lower or net calorific value, i.e. the calorific value 
obtained from the bomb test (gross value) corrected for 
the condensation heat. The gross calorific value generally 
increases with the hydrogen content, but the latent heat of 
the increased quantity of water offsets this increase to a 
large extent. The following values are taken from the table 
by Le Mesurier and Stansfield [10, 1931] : 

Table III 


Composition and Heat Value of Distillate Fuels 



i 




I Heat value 1 


Fuel 

no. 

i 

c ; 

H 

S 

Sp. nr. 
60^ F. 

Gross 

Net 

Type 

1 

85-6 

12-7 

107 

0-867 

19,500 

18,290 

Mainly paraff. 

5 

85-6 

1 130 

0-54 

0-833 

19,700 

18,460 

Shale (paraff.) 

6 

85-7 ’ 

12'7 

0-85 

0-852 

1 19,800 

18,600 

Mixed, mainly 

7 

86-5 

12-8 

Oil 

0-867 

19,700 

18,490 

paraff. 

Naphthenic 

8 

85-4 

1 12'8 

0*63 

0-855 

19,675 

18,460 

Naphthenic 

10 

86-8 

11-6 

0*50 

0-904 

19,150 

18,050 

Naphth.-arom. 


The largest difference in net heat value here is 3%. 
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When stating the fuel consumption of an engine it is 
customary to refer to a normalized fuel. Continental prac- 
tice is to refer to a fuel of a net or lower heat value of 
10,000 kg.-cal./kg. (18,000 B.Th.U./lb.), whereas British 
practice is to refer to a fuel of a gross value of 10,750 
kg.-cal./kg. or 19,350 B.Th.U./Ib. (British standard speci- 
fication). 

(/) Paraffin Wax. 

Paraffin wax may be in solution in distillate fuels. Its 
only inconvenience is that at low temperatures it will 
crystallize out, at first in small crystals which may cake on 
fine filters and obstruct them, whilst at still lower tempera- 
tures the flow of the fuel under low pressure is impaired, 
so that suction of the fuel pumps is interrupted. The first 
temperature at which flocculation of wax will occur after 
a certain time is called the cloud-point, for which no 
specified method exists; the lower temperature at which 
flow under specified conditions is interrupted is the pour- 
point (A.S.T.M. Method D. 97-28). Somewhat dubious is 
the name ‘cold test’, which may mean cither the one or 
the other, whereas cloud- and pour-points may differ en- 
tirely according to the type of oil. Separation of wax may 
occur in a certain fuel and cause filter troubles, but the 
total wax content may be insufficient to form a wax skele- 
ton impairing flow at all. In practice, when fine filters are 
used the fuel can be utilized down to the cloud-point, as 
usually the filters are placed beside the engine and assume 
the temperature of the surroundings. In some installations 
where the filters are heated by the engine or where gauze 
filters are applied, the fuel can be used without difficulty, 
even at lower fuel temperatures. Near the pour-point 
the flow of the fuel becomes unreliable, in the many 
cases where the head is insufficient. Preheating is then 
necessary. 

{^) Foreign Matter. 

Water, sand, dust, fibrous matter, iron, or other oxides 
mainly find their way into the fuels between the refinery 
and the engine, and they must be removed in order not to 
impair the proper working of the injection system. 

Water, apart from accidental big quantities, is usually 
found in the form of very fine suspensions. Temperature 
differences as between day and night cause breathing of the 
air space in the oil container (tank, drum) and may also 
cause condensation of some water, especially in winter; the 
water settles as a fine white fog on the surface, and after 
some time it is entirely dispersed through the oil, which 
becomes opaque. This form of water is objectionable in 
that it blocks up non-metallic filters, and it may cause some 
corrosion of pump parts. The difficulty is mostly found 
in drums which have not been hermetically sealed. This 
or ventilating, such as can be done in tanks, is the only 
remedy. Besides the solid impurities which are introduced 
by obvious causes usually during filling operations, in 
particular iron oxide may be mentioned, which occurs in 
the form of scale from blue iron drums. For these very 
small particles metal filters appear to be insufficient, unless 
they are of the ultra-fine type (Lolos, Hesselman). Good 
results have been obtained by taking the fuel from the 
drum through a filter consisting of a pad of cotton waste 
between two sieve plates. 

III. BURNING CHARACTERISTICS 

For fuels relying on self-ignition for their burning the 
ignition quality is of great importance. This quality is the 
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relative tendency of fuels to ignite, preferably under engine 
conditions. For indicating the readiness to give complete 
combustion of the fuel it has been tried repeatedly whether 
a combustion quality could be just as easily defined and 
measured; this, however, is not the case. For the com- 
pleteness of combustion so much depends on the formation 
of the mixture, i.e. on the construction of the engine, that 
the same fuel characteristics may at one time be advanta- 
geous, and at another time not so (vide Combustion 
Research in C.I. Engines, p. 2894 — influence of viscosity 
and of evaporation on mixture). 

Ignition Quality (for ignition in Diesel engines vide Com- 
bustion Research in C.I. Engines), 

Good ignition quality promotes easy starting and regular 
ignition, early enough to avoid knock from accumulated 
fuel. However, it should be well understood that good 
engine design is at least as powerful a factor in this respect. 

{a) Spontaneous Ignition Temperature. 

Early investigations had shown that the coal-tar oils, 
which were notoriously difficult to burn in Diesel engines, 
had higher spontaneous ignition temperatures (S.I.T.) than 
petroleum fuels. These S.I.T. values were determined by 
letting a drop of the fuel fall into a heated crucible (Holm 
[9, 1913], Moore [15, 1935] and noting the lowest tempera- 
ture at which an explosion would occur. Fig. 4 shows the 
apparatus used by Wollers and Ehmcke [24, 1921] and 
known as the Krupp ignition tester, which is a development 
of the earlier apparatus. (Vide Chaloner in the Symposium 
on Spontaneous Ignition Temperatures held for the I.P.T., 
1932 [216].) 

In the ignition testers oxygen was usually employed, 
slowly scavenging the crucible, as it was felt that a higher 
oxygen concentration than the atmospheric gave a better 



approximation to the high air density in the engine ; more- 
over, the explosions when using air were often rather in- 
distinct. From the tables of results obtained (Table IV) it 
is seen that considerable diflerences are found between 
petroleum fuels and other products, but that less difference 
is found among petroleum fuels mutually. 

At that time this was of secondary importance, as the 
engines were low-speed air-injection engines rather insen- 
sitive to ignition quality ; the advent of high-speed solid- 
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injection engines in later years placed the problem in an (b) Ignition Lag. 

entirely new light and necessitated a much finer distinction Hawkes [6, 1920] had already drawn attention to the 
being made. fact that at temperatures above the S.I.T. there always 

Table IV remained a certain time lag before ignition sets in, and that 

Spontaneous Ignition Temperatures in Oxygen {Holm) ^or working conditions this lag was more important than 

qII 53 Q- Q the lowest temperature at which ignition would occur. The 

Benzene 520" C. first systematic investigations into the ignition lag con- 

Ethyl alcohol 510° C. firmed this in so far that fuels with very little difference in 

Hydrogen 41 C S.I.T. would Still have appreciably different lags in an 

Sressor lubricaiing oil . ! 410“ c.’ (Le Mesurier and Stansfield [10. 1931], Boerlage 

Petroleum kerosine .... 380° c. and Broeze [I, 1931]). It was felt then that until more 

Roumanian fuel oil . . 380° c. experience had been gained measurements of ignition 

Lignite kerosine .... quality could best be made in the engine itself or under 

conditions very closely approaching those in the engine. 

Tausz and Schulte [22, 1924], in a very comprehensive Obtaining ignition values in an apparatus has always the 

work on the subject, detected certain anomalies between advantage that temperature and composition of the air 

the S.I.T. taken in air and that taken in oxygen, and pro- charge are known exactly, and, moreover, it is hoped that 

posed to determine it in air under pressures more nearly the expenses of installing and operating the apparatus 

equal to those occurring in engines. Various apparatus might be lower than those of a special engine. Against 

were worked out by them to that end. In particular they that the engine gives the most direct answer (provided 

observed a case where mixtures of a petroleum or brown that correlation exists between different engines), has so far 

coal product (having a low S.I.T.) with a coal-tar oil, when appeared to be easier to operate, and has the great advan- 

tage of providing several hundreds of ignitions 
per minute from which to collect the data 
required, whereas a test apparatus usually 
allows of only a few ignitions being taken per 
hour. 

One outstanding development in apparatus 
for ignition measurements has been the R.A.E. 
Spontaneous Ignition Temperature Apparatus 
(Foord, Symposium [2lr, 1932]), which is 
described elsewhere by W. Fielmorc (‘Spon- 
taneous Ignition Temperatures: Determination 
and Significance’, p. 2970). This apparatus 
consists of a bomb filled with air at atmo- 
spheric pressure; an injection of fuel oil can 
be given with a pump and injector. The tem- 
perature of the air can be increased at will, and 
at each temperature the time lag of ignition can 
be registered on a paper tape. It was shown 
240 800 400 600 660 that different fuels had different tcmperature-Iag 

Temperature, •€. curves, especially the lowest temperatures of 

Fig. 5. Jentzscli curves. 1. Russian Diesel oil. 2. Roumanian special power kerosine. ignition being different, whilst the lags at tem- 


Spontaneous Ignition Temperatures 
Tar oil . 

Benzene .... 

Ethyl alcohol 
Hydrogen 

Petrol .... 
Compressor lubricating oil . 
Petroleum kerosine 
Roumanian fuel oil 
Lignite kerosine 
Gas Oil . 


530° C. 
520" C. 
510° C. 
470° C. 
415° C. 
410° C. 
380° C. 
380° C. 
370° C. 
350 C. 


Tausz and Schulte [22, 1924], in a very comprehensive 
work on the subject, detected certain anomalies between 
the S.I.T. taken in air and that taken in oxygen, and pro- 
posed to determine it in air under pressures more nearly 
equal to those occurring in engines. Various apparatus 
were worked out by them to that end. In particular they 
observed a case where mixtures of a petroleum or brown 
coal product (having a low S.I.T.) with a coal-tar oil, when 



400 

Temperature, *C. 


3. Gas oil, origin unknown. 4. Gas oil, origin unknown. 5. Lignite fuel oil. 
{Reproduced by permission from Journal of the Institute of Petroleum 
Technologists, 18 (1932).) 


tested under pressure, had S.I.T. values higher than that 
of the tar oil alone, which led them to the conclusion that 
such mixtures would be more difficult to ignite in the engine 
than the tar oil. Now such a behaviour has never, to the 
authors’ knowledge, been observed in engine tests, where 
mixtures always show an increase in ignition lag with in- 
creasing percentages of coal-tar oil or other substances of 
the same character. This shows that measurements of the 
S.I.T. cannot always be directly translated into engine per- 
formance. Still later an elaborate S.I.T. determination was 
worked out by Jentzsch (Symposium [216]), who found that 
fuels may have two S.I.T. values, a lower and a higher one, 
with a peculiar area between them, in which the occurrence 
of ignition was dependent on the velocity of admission of 
oxygen (Fig. 5). The apparatus consisted of a steel block 
with three interconnected receptacles, into one of which 
the fuel was admitted (Fig. 6). Up to now it has not been 
possible to obtain more than a rough correlation between 
one of the numerous ‘indices’ proposed by Jentzsch and 
ignition determinations made on the engine. 


: luei oil. peraturcs around 600'' C. did not vary much. 
deum Besides, these lags arc from 10 to 100 times 

longer than those in an engine. Le Mesurier 
and Stansfield (Symposium {2\d, 1932]) found that the test 
gave a good indication for starting properties, but not so for 
delay angle under running conditions. 

Engine tests have been made for two purposes: firstly, to 
find the lowest temperature or compression ratio at which 
the engine would fire on the fuel tested; secondly, to find 
the lag of the fuel under test under running conditions. 

(c) Starting Tests. 

Starting tests have been described by Le Mesurier and 
Stansfield [10, 1931] and by Pope and Murdock [16, 1932]. 
The former elaborated their method (Symposium [21ry, 
1932]), which consists in motoring an engine at a constant 
speed and heating up the air as well as the cooling water 
to the same temperature; an injection of fuel is given which 
will usually fire immediately. The temperatures of air and 
water are then reduced 10'' C. and another test is made; 
the temperatures are lowered until a misfire occurs, after 
which final adjustments of the temperatures follow. Each 
fuel thus provides a limiting starting temperature. 




1 



6 7 


Fig. 6. Jcntzsch ignition tester 

1. Thermometer pocket 7. Vaporization dish 

2. Auxiliary chamber S. Drier 

3. Admission chamber 9. Jet 

4. Ignition crucible 10. Bubble counter 

5. riiermometer II. Adjusting valve 

6. Furnace 12. 0\>gen supply 



Fki. 7. Indicator diagram from the Thomassen engine 



Fig, 8. Cylinder and head of the converted C.F.R. engine 
Figs. 6-8 are reprodueed by permission from 'J. Inst. Petroleum Technologists \ vol. 18, 1932 
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Pope and Murdock utilized an adapted C.F.R. petrol- 
testing engine with variable compression, which they 
equipped with an injection system and a piston with a cup- 
shaped indentation. Their procedure was to motor the 
engine at 600 r.p.m. with fixed air and water temperatures 
and to inject fuel during 3 sec. If the fuel fires, the com- 
pression ratio is decreased step by step until no firing within 
3 sec. is obtained. The compression ratio at which this 
occurs is called the ‘Critical Compression Ratio’ (C.C.R.). 
The C.C.R. was found to vary between 7 and 15 on the 
engine described; it was found later (Becker and Stacey 
[May 1933]) that the rate of fuel feed, the number of injec- 
tions given, and the air temperature greatly influence re- 
sults, so that the method must be strictly specified. It has 
been in use unofficially in the U.S.A. for some time now; 
since 1933-4 another modification has been introduced into 
the engine, which will be described below. 

id) Running Tests. 

Boerlage and Broeze proposed [1, 1931] to rate fuels on 
ignition quality in terms of ignition lag under normalized 
conditions, after having found that ignition-lag measure- 
ments in different engines showed a sufficient correlation. 
The engine used was a low-speed engine on which diagrams 
were taken of the injector valve lift and of the pressure. 
Fig. 7 shows the two diagrams taken on a single paper. 
In order to obtain results independent of engine charac- 
teristics they proposed to use reference fuels, such as has 
been the practice in petrol knock rating. Cctcne and rnesi- 
tylcnc were at first suggested, but later (Broeze, Symposium 
[2la, 1932]) 1-methyl-naphthalcnc was substituted formesi- 
tylene on the score of cost. A practically perfect correlation 
was found between these cetene figures and octane figures 
determined in a petrol engine. These tests were made 
originally on a slow-running direct injection Thomassen 
engine 40 h.p., 250 rev.; later on it was tried to apply the 
method of lag measurements to the Diesel conversion of 
the C.F.R. engine, but this failed at first owing to the fact 
that combustion in the original conversion was unsatis- 
factory; in collaboration with the builders of the engine, 
the Waukesha Motor Company, a new combustion cham- 
ber arrangement was designed employing a turbulence 
chamber with variable compression ratio (Fig. 8). Instead 
of the diagrams, which had to be measured out, it was 
proposed to make use of a modification of the well-known 
‘bouncing pin’ and an electrical measuring circuit so 
arranged that the amounts of current passing during the 
ignition lag could be registered. The advantage would be 
that every cycle of the engine contributed to the measure- 
ment, which therefore would be the average of a high 
number of actual ignitions (World Petroleum Congress 
[17^, 1933]). Work on this development is in progress, 
notably in the U.S.A. 

An entirely different kind of running test was proposed 
by Dumanois [3, 1933], who made use of the similarity 
between self-ignition in the Diesel engine and detonation 
in the petrol engine. The fuel was mixed up to a certain 
percentage in a given petrol with a known octane number, 
and the variation in octane number was noted. The more 
the octane number decreased, the higher the ignition quality 
of the fuel. For a certain number of fuels this test corre- 
lated well with measurements on Diesel engines. 

(e) Reference Fuels. 

Any attempt to find a suitable rating for ignition quality 
depends, of course, on the degree of correlation found 


between results of tests on varying engine types; a good 
survey of work done is found in the Proceedings of the 
World Petroleum Congress [17]. 

The proposal to use reference fuels which would enable 
measurements made on different engines and in different 
ways to be correlated was accepted at that Congress [17]. 
Cetene and 1 -methyl-naphthalene were agreed upon to 
serve tentatively for this purpose. The formulae and further 
specifications of these substances are given in Table V. 


Cetene: 


Table V 


A.S.T.M. dist. 

l.B.P 

F.B.P 

Dist. between 270 and 280' C. 
Melting-point . 

Bromine number Mcllhincy 
s.g. 20,4. 

.... 
Mol. refr. (D) . 

/ - Methyl-fiaph thalene : 

A.S.T.M.: I B P. 

F.B.P. 

Melting-point picrate 


265 ' C. 
:295‘'C 
> 90 *:; 
3-8-4-2" C. 
68 72 

0-780-0-782 
I •44(X) 

1 -4420 


230" C. 190% within F5" C. 

' 238" C. I 98 % below 238" C. 
137 141" C. 

1-6165-1-6170 
1 0200-1 0190 


Cetene Number. The cetene number of a fuel is the per- 
centage by volume of cetene in the cetene and 1 -methyl- 
naphthalene blend that matches the fuel in question in 
ignition quality (lag, critical compression ratio, or other- 
wise). In view of the little general experience obtained, no 
standardized method of determining cetene numbers has 
been agreed upon as yet, so that figures obtained with 
different methods must still be treated carefully; in parti- 
cular it appears that cetene numbers obtained by the C.C.R. 
or a similar method are somewhat higher than those ob- 
tained on a lag basis, the latter agreeing well, however, 
between one engine and another. 

It has been found that cetene numbers, when expressed 
in weight instead of volume percentage, were additive 
(Boerlage and Broeze [2, 1932]), so that for fuel blends 
(equally expressed in weight proportions) the cetene num- 
bers showed a linear relationship. This may serve as a rule 
when blending fuels; it is also a point for reconsidering the 
weight basis. Measuring fuel by volume is, moreover, less 
attractive for viscous and dark-coloured Diesel fuels than 
measuring by weight. 

Cetane Number. The American Society for Testing 
Materials issued a classification of Diesel Fuel Oils in June 
1934 (A.S.T.M. Standards on Petroleum Products, Com- 
mittee D. 2, 1936, p. 34) and the Cetane Number is given 
as the measure of ignition quality. It is stated that it has 
been found that more reliable results may be possible when 
using cetane rather than cetene. For this reason the classi- 
fication substitutes the Cetane Number, which is deter- 
mined and expressed in the same manner as the Cetene 
Number, namely, as the percentage of cetane in a blend 
of cetane and 1 -methyl-naphthalene. 


(/) Ignition Indices. 

Almost every investigator working on ignition quality has 
at some time endeavoured to find a simpler test for this 
quality than the engine test. Apart from the S.I.T. tests 
and the test of Dumanois, which are actual ignition tests 
under conditions other than those in the C.I. engine, use has 
been made of the tendency to soot (T.T.S.), after it was 
shown that kerosines of certain crudes had a T.T.S. more or 
less related to the cetene number of corresponding gas oils 
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(Floor, unpublished tests, 1932, Bataafsche Petroleum Mij.). 
This test shows indeed a fair correlation for commercial 
fuels, but fails for synthetic products and doped products. 

Of entirely different character are indices which attempt 
to correlate the ignition quality (a function mainly of 
the chemical composition) to some physical or chemical 
characteristic which is also a function of the chemical com- 
position. All such indices are based on the purely acci- 
dental fact that for natural petroleum hydrocarbons the 
external characteristics bear a certain relationship to the 
chemical composition. Strongly branched hydrocarbons 
or compounds containing oxygen or other elements besides 
C or H drop out of this picture entirely; the indices are, 
therefore, of somewhat restricted use; the correlation with 
engine tests is, according to the authors’ experience, 
moderately good for most of the indices proposed, of which 
no single one in particular excels. Comparison of these 
different indices with the Cetane Number rating has re- 
cently been made by Schweitzer and Hetzel [19^/, 1936]; 
using 19 different fuels, none of the empirical ratings tried 
— Aniline Point, Diesel Index, Viscosity Gravity Index, 
Viscosity Slope Index— were found to be an entirely satis- 
factory substitute for actual engine-testing. The following 
tabic summarizes the better-known indices proposed. 

Table VI 


Indices for Ignition Quality 


1. W. H. Butler. Ignition Index. {J.S.A.E., July 1931, Diesel Power, 
Sept. 1931.) 


/. S.g./lOO F. . 

a: ^ (l-s.g./lOO® F.) . — .. IT ^ average boiling- 

100 X dispersion 100^ F. 


point in “ F. = 50% A.S.T.M. dist. point. 
100 is ideal. 

Quality decreases with .x. 

Range of normal fuels 35-60. 


2. G. D. Bofrlage and J. J. Broeze. Ignition Index. {J.S.A.E., July 
1932, p. 283.) 

I - sp. gr.-O 00075 (50% A.S.T.M. dist. pt. (in C.)-250" C). 
The lower the value of /, the higher the ignition quality. Range 
of normal fuels 0-82-0-90. 

3. L. J. Le Mesurier and R. Stansfield. Aniline Point. (Inst. Mar, 
Eng., April 1934.) 

Temperature at which equal volumes of aniline and oil arc just 
mi.scible. 

Ignition quality increases with aniline point. Range of normal 
fuels 40-75" C. 

4. A. E. Becker and H. G. M. Fischer. Diesel Index. (J.S.A.E., 
Oct. 1934, p. 376.) 

J ^ Aniline Point (" F.) x A.P.l. gravity 
100 

Ignition quality increases with D.I.; Range of normal fuels 
30-80. 

5- Ci. C. Moore and C. R. Kaye. Viscosity-Gravity Index. (Proc. 
1 5th Ann. Meeting A.P.L, Nov. 1934.) 

A ^ viscosity-gravity constant 
G ^ specific gravity 

A'F = kinematic viscosity in millistokes/lOO" F. 

Ignition quality decreases with increasing A. 

Range of viscosity-gravity constant A 0-93~0-81 for normal 
fuel. 

G = 1-082/1 -0 0887 I (0-776 -0-72/l)[loglog(A'F 4)]. 


{g) Dopes for improving Ignition Quality. 

It has been proposed at different times to improve the 
ignition quality of Diesel fuels by the addition of some 
active substance, c.g. nitro-compounds such as ethyl nitrate 
(Sims [20, 1928]) and organic peroxides; the matter is still 
in the research stage (vide Combustion Research in C.L 
Engines, chapter ii). 
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DIESEL FUEL 

By L. J. LE MESURIER, M.I.N.A., M.Inst.P.T. 

AnglO‘Iranian Oil Company, Ltd, 


The title is intended to include all fuels used in engines in 
which the fuel is directly injected into the cylinder and 
atomized prior to ignition and combustion. It does not 
include fuels for engines fitted with external vaporizers 
where a vaporized or partly vaporized mixture of air and 
fuel is drawn into the cylinder during the suction stroke 
and ignited by means of an electric spark or hot spot. 
Although such engines may in some cases operate on 
Diesel fuels, they arc more commonly supplied with light- 
grade fuels approximating to kerosine. 

Engines using Diesel fuel are known by various names, 
such as hot bulb engines, surface ignition engines, com- 
pression ignition engines, cold start engines, crude oil 
engines, Diesel engines, &c. In the hot bulb type air is 
drawn or pumped into the cylinder and compressed to a 
moderate pressure of 100-250 Ib. per sq. in., and ignition 
is ctfccted by the fuel spray coming in contact with a heated 
surface or hot bulb which forms an unjacketed portion of 
the cylinder head. In the compression ignition or Diesel 
type, compression is raised to a higher degree, say 400- 
500 lb. per sq. in., and the temperature reached by the air 
during compression is sufficient to cause the fuel to ignite. 
In all such engines the temperature reached by the air is 
considerably above the self-ignition temperature of the fuel. 

Atomization of fuel in the cylinder is brought about by 
injecting the fuel through an orihee at high velocity and 
breaking up the fuel into fine droplets which arc dispersed 
throughout the air-space. This effect may be brought about 
in many different ways, resulting in either coarse or fine 
atomization and with varying degrees of penetration of the 
fuel spray throughout the air charge. 

The method adopted in the original Diesel engines, and 
still used to some extent in large slow-running engines, is 
to employ a cam-operated needle valve which fits in a 
casing to which a fuel pump delivers a measured quantity 
of fuel. The valve casing is supplied with injection air 
maintained under pressure by means of a separate air pump 
or compressor driven by the engine, and when the needle 
valve is lifted by a cam at the correct moment, the fuel 
contained in the casing is blown into the cylinder at very 
high velocity, with the result that a fine spray is dispersed 
throughout the combustion chamber between the piston 
and cylinder head. This type of injection is known as air 
or blast injection and enables a very fine penetrative spray 
to be formed, and also provides additional air for com- 
bustion through the effect of the injection or blast air which 
may amount to between 5 and 10% of the swept cylinder 
volume. 

Air-injection valves are arranged with pulverizer plates 
or other means for ensuring an intimate mixture of the air 
and fuel leaving the nozzle. These arrangements provide 
means for modifying the conditions of spray to suit dif- 
ferent grades of fuels, and a further adjustment is possible 
by varying the pressure of blast air. 

Air injection is generally found to be suitable for opera- 
tion over a wide range of fuels on account of the easy means 
available for varying the spray conditions. On the other 
hand, it has the disadvantage of the extra complication 
and expense of a high-compression air compressor which 


also reduces the mechanical efficiency of the engine on 
account of the power absorbed by this unit. The cooling 
effect of the high-pressure injection air issuing from the 
fuel nozzle also tends to make starting more difficult, 
particularly when the engine is cold. These disadvantages 
have been found sufficient to cause the abandonment of 
this type of fuel injection in practically all modern engines 
which are operated on the more sensitive, but simpler and 
more efficient, method known as airless, mechanical, or 
solid injection. 

In airless injection engines the fuel, in a measured 
quantity, is delivered at high pressure directly into the 
cylinder through a small orifice. Atomization of the fuel 
is effected by the high velocity attained in the nozzle orifice, 
the fuel being torn off into small droplets as it emerges into 
the combustion chamber. In air-injection engines the blast 
air pressure may be 700-1,200 lb. per sq. in., depending on 
the load and type of fuel valve, but in the airless injection 
system the fuel has to be raised to a much higher pressure 
in order to secure proper atomization, and pressures rang- 
ing from 1,500 to 10,000 lb. per sq. in. are employed. 

Many different systems are used for controlling the cor- 
rect quantity of fuel and its admission in the form of a 
suitable spray at the correct moment. In most airless injec- 
tion engines the fuel pump is timed to deliver a measured 
quantity of fuel at the correct moment to a fuel valve 
situated in the cylinder head. This valve is usually a spring- 
loaded needle valve fitted close to the spray orifice and so 
designed that it opens and closes rapidly, according to the 
commencement and end of the fuel-pump delivery. In 
some cases the fuel-injection valve may be mechanically 
controlled as in an air-injection engine, while in other cases 
the valve is omitted altogether so that injection takes place 
through an open nozzle during the pump delivery. The 
common object in all systems of fuel injection is that the 
fuel should be broken up into sufficiently fine droplets and 
that these droplets should be so dispersed throughout the 
air in the cylinder that they are readily ignited and burnt. 

Diesel fuels are generally produced from petroleum crude 
oil from which light volatile fractions have been extracted 
by a distillation process, thus leaving a fuel of relatively 
high flash-point. The nature of different crude oils varies 
to such a wide extent that no general method of manu- 
facture of Diesel fuel can be applied to all crudes. Some 
light crude oils produce satisfactory Diesel fuels without 
the need of any further treatment than the removal of the 
light volatile material which would otherwise cause a low 
flash-point. Other crude oils with a large amount of heavy 
asphaltic material or containing sand or other impurities 
require to be distilled in order to obtain fractions satis- 
factory for use in engines. 

Substances other than petroleum crude oil may also be 
used for the production of Diesel fuel, as, for instance, coal- 
tar and shale distillates, vegetable oils such as palm oil, 
rapeseed and colza oils, and animal oils and fats. 

The general characteristics and properties of Diesel fuels 
can be divided into those affecting 

(1) the handling, storage, and pumping of the fuel until 
it enters the cylinder, and 
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(2) the ignition and combustion of the fuel after injec- 
tion. 

It is usual to include a number of these properties in 
Diesel fuel specifications, although it is impossible to define 
with any exactitude the merit of a Diesel fuel by reference 
to specification characteristics. 

Conditions (1) are chiefly affected by the following 
qualities: 

(a) Flash-point. 

{b) Specific gravity. 

(r) Viscosity and set-point. 

Ui) Impurities. 

Conditions (2) are dependent upon the following: 

(a) Calorific value. 

(h) Distillation range. 

(c) CTiemical composition. 

{(f) Carbon residue and asphaltic matter. 

Flash-point. 

The flash-point of all Diesel fuels is generally arranged 
to be not less than 150'’ F. This requirement is introduced 
solely as a safeguard against fire risks when handling and 
storing the fuel. The figure of 1 50'' F. is commonly specified 
by government departments, insurance companies, and 
others interested in the safety of the fuel. Flash-point is 
otherwise of no practical importance and has no effect 
either on the ignition or combustion of the fuel in the 
engine. 

Specific Gravity. 

Other conditions being equal, the output of an engine 
is governed by the total input of heat available from the 
weight of fuel burnt and its calorific value. 

In general, the lower the specific gravity of the fuel the 
higher will be its calorific value, and consequently a greater 
power output is obtainable from a given weight of low 
specific gravity fuel. Although heat units per unit weight 
increase as specific gravity decreases, the heat available per 
unit volume decreases, so that when changing from high 
to low specific gravity fuel the fuel-pump control must be 
set to give a greater pump-volume delivery, although the 
weight of fuel pumped will be slightly less. 

As an example of the relation between specific gravity 
and calorific value, the following figures are extracted from 
a table published by the Institute of Petroleum Techno- 


logists on ‘Measurement of Oil in Bulk’ by Mr. J. McCon- 
nell Sanders: 

Sp, gr. 

; Calories 

1 Calories 

i5‘r c 

per kilo. 

1 per litre. 

0-704 

11,769 

1 8,272 

0-746 

j 11,421 

8,507 

0-821 

i 11,083 

1 9,087 

0-857 

j 10,841 

; 9,279 

0-934 

10.387 

1 9,690 

0954 

' 10,358 

' 9,870 

Generally speaking. 

the calories per kilo decrease with 


increasing specific gravity, whilst the calories per litre in- 
crease. The specific gravity of fuel has no direct influence 
on its behaviour in the engine, but it is a useful indication 
of the origin of the type of fuel and affords a simple means 
by which the purchaser can check uniformity in supplies 
of fuel. 


Viscosity and Set-point. 

The property of viscosity is of great importance as it 
affects the use of the fuel right from the storage tank up 
to the engine-fuel injection valve and also influences the 
type of spray produced in the cylinder. It is essential that 
the fuel should flow freely to the fuel-injection pump so 
that the volumetric efficiency of the pump is not impaired, 
and so that no air is drawn into the fuel system due to 
conditions arising in the pump suction which may allow 
the fuel to come under less than atmospheric pressure. 
Thus, when fuels of high viscosity are used it becomes 
advisable to fit a pipe system of liberal dimensions and to 
provide filters, pipe bends, and pipe system of such design 
that the fuel remains at least under atmospheric pressure 
up to the time it enters the fuel pump. Alternatively, where 
fuels having a high viscosity at atmospheric temperature 
are used, it is possible by heating the fuel to reduce the 
viscosity to a suitable degree so that it flows freely to the 
pump. 

Ordinary commercial Diesel fuels have viscosities suffi- 
ciently low to meet the conditions obtaining in engine 
installations of normal design where the fuel system is so 
arranged that there is always a slight positive head on the 
fuel-suction line. The viscosity of such fuels usually aver- 
ages from about 35 sec. to 100 sec. Redwood No. 1 at 
100^ F. The appropriate viscosity of Diesel fuels varies to 
some extent according to the type of engine for which the 
fuel is required. Small engines having small fuel pumps 
and pipe systems naturally require fuels of lower viscosity 
than slow-running engines of large dimensions, fhe Tech- 
nical Committee ‘C’ of the A.S.T.M., Committee D. 2, 
have prepared the following table of viscosities which is 
embodied in their classification of Diesel fuels. 


Visco.sity sec. 

Say ho It Universal Say holt Furol 
(iraile of Diesel fuel at J22^ F. at 100' F. 


1-D. A distillate oil for use in 
engines requiring a low 

Afin. 

Afa.x, 

Afa,x. 

viscosity fuel . 

3-D. A distillate oil for use in ^ 
engines requiring a medium 

32 ! 

50 

1 


low viscosity fuel . . ■ 

4-D. An oil for use in engines 
requiring a medium low 

32 ' 

1 

70 


viscosity fuel . . . i 

5-D. An oil for use in engines * 
permitting a medium high 


500 

\ 

viscosity fuel . . . | 

6-D. An oil for use in engines of 
special design for high vis- 
cosity fuels and after cn- j 
gine manufacturers’ recom- j 



100 

! 

mendations only . . | 



300 

‘Grade 1-D is recommended for mechanical (solid) 


injection engines of the high-speed type; in general, for 
engine speeds over 1,000 r.p.m. 

‘Grade 3-D is recommended for mechanicaV (solid) 
injection engines of the medium-speed type; in general, 
for engine speeds from 360 to 1,000 r.p.m. 

‘Grade 4-D is recommended for air-injection engines, 
both two- and four-stroke cycle types, with speeds not 
over 4(X) r.p.m. Grade 4-D can be used for mechanical 
(solid) injection engines with cylinder diameters over 
16 in. and speed under 240 r.p.m., but approved heating 
equipment furnished by the engine manufacturer is 
recommended. 
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‘Grade 5-D is recommended for air-injection engines 
of the slow-speed type; speed under 240 r.p.m. Manu- 
facturers should be consulted for approved heating 
equipment. 

‘Grade 6-D is not regularly used for Diesel engines 
and is not recommended unless tested and approved by 
the engine manufacturer.’ 


The conversion of Saybolt to Redwood No. I scale is 
as follows: 


Saybolt Universal 
32 seconds 
50 „ 

70 


Redwood / 
29 seconds 
45 
62 


Saybolt furol Redwood / 

100 seconds 840 seconds 

300 „ 2,540 

Fuels used in engines of small dimensions such as high- 
speed engines for road vehicles, tractors, generating sets, 
&c., have usually a viscosity of less than 40 sec. Redwood 
No. 1 at 100" F., this being necessary in order to deal with 
the extremely small fuel pumps, pipes, and fittings in the 
fuel system. On the other hand, it is not an advantage to 
have f^uel of too low viscosity, approximating, for instance, 
to kerosinc, as with such fuel difficulty may be experienced 
in maintaining pump plungers and valves in good condition 
and also in avoiding an undue amount of fuel leakage from 
these parts. 

So far as sprayer action is concerned, the average size 
of droplets produced from a fuel-spray valve varies with 
the viscosity of the fuel, a fuel of high viscosity giving rise 
to larger-sized droplets than a fuel of low viscosity. The 
larger the droplet the greater will be the degree of penetra- 
tion, and the longer the time necessary in which to effect 
complete combustion. Consequently, in engines of small 
dimensions the fuel spray obtained with the more viscous 
fuels is liable to reach the walls of the combustion chamber 
before combustion is completed, an effect which becomes 
more pronounced as engine speed is increased due to the 
shorter time available for combustion. Apart, therefore, 
from the question of the effect of viscosity in the fuel pump 
and fuel system, consideration must also be given to the 
results on the fuel spray. 

Viscosity does not appear to affect the ignition charac- 
teristics of fuels, as experiments have shown that the ‘ delay 
angle’ or period which elapses before combustion com- 
mences after the fuel has been injected does not vary 
appreciably according to whether the droplets are of large 
or small dimensions. 

Set-point, or pour-point, of Diesel fuels are charac- 
teristics which become important when the fuel has to be 
used under low temperature conditions. The tests usually 
employed are either the A.S.T.M. Pour-point Test or the 
I.P.T. Setting Point Test. So far as the operation of engines 
on fuels is concerned, it is only necessary that these charac- 
teristics should be taken into account so that under all 
eonditions of operation it is possible to ensure that the fuel 
is readily capable of being pumped. 

Impurities. 

All Diesel fuels are normally found to contain small 
quantities of water and also of solid material which may 
be partly or wholly incombustible. Incombustible material, 
apart from the water, is termed the ‘ash’ content and is 
usually very small in quantity, being of the order of 0 05% 
or less in most commercial Diesel fuels. Although this 


quantity is small, it is very important that the ash content 
should be the least possible, as portions of any incom- 
bustible material must inevitably reach the cylinder liner 
walls, mix with the lubricating oil, and be conducive of 
increased cylinder liner wear. In addition, it also tends to 
reduce the life of piston rings and exhaust valves. 

Water and other impurities usually collect in the fuel 
during transport and storage, as, for instance, through rust 
and scale in storage tanks and pipes, and also through 
atmospheric contamination from dust, sand, &c. Water 
and adventitious matter lead to difficulties in fuel filters, 
fuel pumps, and injection valves, apart from any subse- 
quent troubles caused in the cylinder. Every possible pre- 
caution should be taken in storage and transport to avoid 
contamination, which is probably responsible for the 
majority of troubles that are attributable to the fuel used 
in oil engines. In most large oil-engine installations, such 
as those fitted in motor ships and in land installations for 
industrial purposes, it is customary to install centrifuge 
separators or else filtering apparatus of special type to 
ensure that as far as possible all contamination occurring 
during the transport and storage of the fuel is removed 
immediately before the fuel reaches the engine. 


Calorific Value. 


In order to measure the efficiency of an oil engine it is 
necessary to know the actual number of heat units supplied 
in a given weight of fuel, or, in other words, the calorific 
value of the fuel. In all engine tests, therefore, particulars 
of the fuel used should include the calorific value. 

A distinction must be made in this connexion between 
gross and net calorific value. The gross calorific value 
represents the total quantity of heat in a given weight of 
fuel assuming that all the combustible components, which 
are usually hydrogen, carbon, and sulphur, yield their full 
heat value. As, however, the hydrogen component is con- 
verted into steam which in the case of an engine leaves 
without giving up its latent heat, it is necessary to subtract 
the latent heat of this portion in order to arrive at the 
actual net useful heat input of the fuel used. The net 
calorific value of the fuel is used to indicate the heat con- 
tent of the fuel after subtracting the latent heat of the steam 
formed from the hydrogen content. It is conventional 
amongst the leading scientific societies to base engine 
thermal efficiency on the gross calorific value of the fuel. 

The gross calorific value of any fuel may be obtained 
approximately by caleulation provided its chemical com- 
position is known. In the case of a fuel containing carbon, 
hydrogen, oxygen, and sulphur, the gross calorific value is 
as follows: 


calories per g. 
B.Th.U.perlb. 


C8,137 + (H- 0/8)34,500 I S 2,500 
100 

C X 14,600 f(H- 0/8)62,500+8 4,500 
100 


where C, O, H, and S represent the percentages of carbon, 
oxygen, hydrogen, and sulphur in the fuel. 

Experimental determination of calorific value is made in 
a bomb calorimeter, from which the gross calorific value is 
obtained. The deduction from the gross calorific value 
to obtain the net calorific value is made by deducting 
approximately 600 calories per gramme of water formed 
during combustion, or 54 calories for each 1 of hydrogen 
in the fuel, thus: 

Net calorific value gross calorific value— 54H, where 
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H equals the percentage of hydrogen in the fuel. The con- 
version of calories to British Thermal Units is as follows: 

1 calorie 1-8 British thermal units, 

1 British thermal unit ^ calories. 

Distillation Range. 

While distillation range or volatility is an important 
factor in fuels for engines of the vaporizer type with an 
external carburettor, it is relatively of little value in the 
case of Diesel fuel. The fuel in a Diesel engine is injected 
in the form of liquid fuel droplets and combustion com- 
mences in such a short time after injection that it is im- 
possible under the conditions of pressure existing in the 
cylinder for any appreciable quantity of the fuel droplets 
to vaporize before combustion commences. Nevertheless, 
it is considered by some investigators that gaseous mixtures 
are formed by evaporation from the drop surfaces in suffi- 
cient quantity to affect the combustion process. 

Reference may be made in this connexion to the results 
obtained by C. B. Dicksee [1, 1932], and also to the experi- 
mental investigations made by Messrs. Rothrock and 
Waldron [2, 1932], in which photographs of fuel sprays in 
heated air are illustrated, these photographs being obtained 
under conditions approximating to those occurring in an 
engine. 

Distillation tests on Diesel fuels usually show an initial 
boiling-point varying between 175^ C. and 225'" C. The 
final boiling-point may be indeterminate, as when the tem- 
perature of distillation is raised above about 350^" C. the 
fuel may commence to crack. The percentage of distillate 
at intermediate temperatures may vary widely without, 
however, showing any practical effect on engine perfor- 
mance, and as such fractional distillation results are unim- 
portant it is usual to limit a distillation test to obtaining 
the total quantity of distillate at a temperature just below 
the cracking temperature. At 350° C., for instance, the 
total distillate obtained from average Diesel fuels will vary 
between about 95 and 25 %, and such a test merely serves to 
indicate broadly whether the fuel is of a light or heavy grade. 

Chemical Composition. 

All Diesel fuels produced from petroleum fuel consist 
chiefly of carbon, hydrogen, and a small percentage of 
sulphur, depending on the source of the crude. In addition, 
there may be slight traces of nitrogen and oxygen. The 
hydrocarbons are combined in the fuel in various pro- 
portions, and may be divided into three main groups — 
paraffins, naphthenes, aromatics. It is found that the crude 
oil in which any particular one of the above-mentioned 
groups predominate will yield products generally conform- 
ing to that particular group; thus Diesel fuel may tend to 
be paraffinic, naphthenic, or aromatic in nature, according 
to the origin of the crude. 

The approximate percentages of carbon and hydrogen 
in petroleum Diesel fuels are as follows: 

Carbon .... max. 88 % 

„ . . . . min. 85% 

Hydrogen . max. 14% 

„ ... min. 11% 

In general, the higher the hydrogen value the greater will 
be the calorific value of the fuel, and also the more nearly 
it will approach to the paraffinic type which, for reasons of 
good ignition qualities, is generally preferred as a Diesel 


fuel. All Diesel fuels originating from coal-tar products 
are chiefly of an aromatic nature and, unless specially 
treated to reduce the aromatic contents, may have as low 
as 6% hydrogen and a net calorific value of 16,500 B.Th.U. 
as against 18,500 B.Th.U. in petroleum-produced fuel. The 
self-ignition temperature of aromatic fuels is relatively high, 
resulting in poor ignition qualities on account of the long 
‘delay’ between the moment of injection and ignition. It 
is, however, possible by means of special treatment of coal- 
tar products to produce fuels capable of satisfactory opera- 
tion in Diesel engines. 

The ignition quality of fuels and methods of testing the 
relative qualities of different fuels is dealt with in the article 
on light Diesel fuels. 

With regard to Diesel fuels produced from other sources 
than petroleum crude, the fuel obtained by distillation from 
bituminous shales is in many respects similar to that ob- 
tained from a paraffinic type petroleum crude. The fuel 
has a large hydrogen content and high calorific value and 
is suitable for engine purposes. 

Animal and vegetable oils are occasionally used as Diesel 
fuels. The composition includes, besides carbon and hydro- 
gen. a considerable proportion of oxygen and nitrogen 
which reduces the net calorific value to about 16,000 
B.Th.U. or less. 

The following analyses of vegetable oils are given in an 
article on ‘The Employment of Vegetable Oils’ by Mon- 
sieur Gautier in Le Genie Civil of 17 March 1934. 


C 'al. ) alue | 



! sp. 

Seh 

Flosh- 

calories per 



Composition 



1 cr. 

pt. 


Gross j Net 

C 

■ 

H 1 

c) ; 

Water 

Arachis 

0-910 

! 5 ! 

233 

9,660 8,927 

75 

12 

1 

0 

Palm oil 

0-900 

33 

105 

! 9,400 8,752 

74 

12 

13 

1-45 

Kariti 

0-915 : 

34 

112 I 

i 9,640 9,017 

77 

11-5 

11 i 

0-10 

Cotton seed 

: 0-958 

-8 

175 

9,165 8,557 | 

! 73-5 

1 "... i 

15 ! 

0-01 


Arachis and karite arc oils obtained from ground-nuts, 
the plants being chiefly grown on the west coast of 
Africa and in the Dutch East Indies. Karite is the local 
name of a plant which is chiefly grown for the production 
of margarine or shea butter. 

The high set-point of these oils may require preheating 
of the fuel before reaching the engine, but in other respects 
the engine performance is practically normal, although the 
specific fuel consumption is naturally higher than for petro- 
leum or shale oils on account of the lower net calorific 
value. 

Carbon Residue and Asphaltic Matter, 

Diesel fuels vary considerably in their carbon-forming 
tendencies, as shown by observation of the internal con- 
dition of an engine after a period of running. Carbon may 
commence to form on the fuel-injection valve flameplate 
or nozzle, and the interference with spray formation may 
rapidly lead to a fall-off in output and a smoky exhaust. 
In some cases carbon may be formed irrespective of the 
type of fuel used due to the effect of a leaky fuel valve, 
faulty spraying, or overloading of the engine. Mechanical 
defects in the engine may also be responsible for the forma- 
tion of carbon due, for instance, to insufficient cooling of 
the fuel-valve nozzle, over-lubrication of the piston and 
cylinder surfaces, or lack of air caused through an obstruc- 
tion of the air inlet or exhaust systems. 

Various tests have been devised with a view to deter- 
mining the carbon-forming tendencies of fuels. In general, 
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it is considered that a fuel containing asphaltic material as 
determined by the hard asphalt test will be more difficult 
to burn completely than a fuel free from this constituent, 
with the result that carbon is more likely to be formed. 
The test for hard asphalt is carried out by dissolving the 
fuel with a light petroleum spirit and determining the per- 
centage of insoluble material which can be removed by 
filtration. The technique of the test as carried out in 
England, U.S.A., and Germany is, in principle, the same 
but the reagent used is different, and results may differ 
appreciably according to the exact method employed. 

In general, however, all light Diesel fuels suitable for 
high-speed engine operation should show little or no hard 
asphalt whatever test is used. Heavier grades of fuel used 
in large marine or land engines have been found to operate 
satisfactorily with hard asphalt contents up to as much as 
10%, but, in general, average commercial Diesel fuels show 
asphalt contents of the order of not more than 2%. It 
should be noted that asphalt is a carbonaceous material 
which is completely combustible and, provided the engine 
conditions are suitable and there is a sufficient time avail- 
able for complete combustion, all this material is capable 
of being completely burnt. 

Other tests which arc sometimes used as a possible in- 
dication of carbon-forming tendencies are the carbon resi- 
due tests, such as the Conradson or Ramsbottom tests, in 
which a quantity of fuel is heated in a closed vessel until 
all volatile matter is driven off, leaving a coke-like residue. 
In this test cracking of the fuel takes place, and as it is 
carried out in a closed vessel no oxygen is present, and 
consequently combustion such as occurs in an engine can- 
not take place. Observations of fuels in regard to carbon- 
forming tendencies appear generally to correlate more 
nearly with the hard asphalt content than the Conradson 
or coke residue. 

Diesel Fuel Specifications. 

It is not possible to make a general specification to cover 
fuels suitable for all types of engines, but a rough indication 
of general suitability can be arrived at by specifying certain 
chemical and physical properties and their limiting propor- 
tions as found appropriate for different types of engines. 

Table I 

High-speed Diesel fuel 

Purpose . . j For engines used for auto- 

i motive and allied purposes 
I in which the speed is 800 
r.p.m. or over and where 
the operating conditions 
demand a high standard of 
performance. 

Min. 150" F. 

Max. 0-1% 

„ 0 01 % 

„ 45 secs. 

.. 01 % 

20° F. 

„ 0 - 2 % 

» 1-5% 

Min. 85% 

„ 60° C. 

19,000 BTh. U. per Ib. 

* This limit is intended for temperate climates only. In any case, 
the purchaser shall satisfy himself that his whole equipment is 
capable of dealing with the oil at the lowest temperature to which the 
oil will be exposed. 

t Tentative test for ignition quality (for fuel of petroleum origin 
only), pending the development of an engine test. 

IV 


The B.S.I., in co-operation with Government Depart- 
ments and scientific and industrial organizations, have 
prepared the specifications given in Tables I and II, these 
specifications taking the place of a set of four specifications 
previously published by the British Engineering Standards 
Association in 1924. 


Table II 



Marine and | 

industrial | 

Diesel fuel j 

Heavy Diesel fuel. 

Purpose . 

For engines where 

For large engines where the 


the speed does | 
not exceed about j 
800 r.p.m. c.g. in- 
dustrial units and 
main and auxili- 
ary machinery for 
marine purposes 

1 

1 

1 

1 

speed does not exceed 250 
r.p.m. and where means can, if 
necessary, be provided for 
heating and cleaning the fuel, 
e.g. large engines for stationary 
and marine installations where 
oil engines for auxiliary pur- 
poses arc not required to use 
the same fuel as in the main 
engines. 

Flash-point (closed) . 

Min. 150° F. 

; Min. 150° F. 

Hard asphalt . 

Max. 2 0% 1 

1 Max. 4*0% 

Ash content . 

.. 003% 

., 0-10% 

Viscosity (Redwood 



No. 1) at I(X)° F. . 

,, 60 sec.* 

„ 750 sec. 

Water content 

.. 0-5% 

i 10% 

Pour-point 

„ 30° F.t 

1 (It is considered undesirable to 

Conradson carbon . 

Max. 3 0“^ 

j specify limits to the pour-point, 
but the purchaser should satisfy 
! himself that his whole equip- 
1 ment is capable of dealing with 
! the oil at the lowest tempera- 
1 turc to which the oil will be 
i exposed. Where necessary, a 

1 definite limit may be agreed 
j between the purchaser and the 

1 supplier.) 
j Max. 8-0?/ 

Sulphur content 

20% 


Atuline pointj 

Min. 45° C. 

1 

Gross calorific value, 


j 

B.Th.U. per lb. . 

„ 18,750 

I Min. 18,250. 


♦ The maximum viscosity permitted under this specification shall be in- 
creased to 100 sec. Redwood No. 1 at 100° F. whenever the Conradson 
carbon docs not exceed 2% and the hard asphalt does not exceed F5%. 

t This limit is intended for temperate climates only. In any case, the pur- 
chaser shall satisfy himself that his whole equipment is capable of dealing with 
the oil at the lowest temperature to which the oil will be exposed. 

t Tentative test for ignition quality (for fuel of petroleum origin only), 
pending the development of an engine test. 

Various engine builders have their own fuel specifications 
in which particulars are given of the properties they consider 
of importance when selecting fuels for their types of engine. 

The following general specification of Diesel fuels is 
given by Mr. Schenker [3], Chief Engineer of Sulzer Bros., 
Winterthur: 




For use in 

Diesel engines 


Approximate 

limits 

il) 

To be 
specified 
(2) 

Admissible 

(i) 

Specific gravity at 20° C. 

0-79 to 0-97 

0-8 to 0-97 

0-8 to 0-97 

Flash-point (Open Test) 

0° to 

over 

20° C. and 


170° C. 

65° C. 

over 

Viscosity at 50° C. Engler 

1-5 to 200 

below 5 

up to 80 

degrees 




Viscosity Redwood 1 at 

45 to 6,000 

below 150 

up to 2,400 

120° F. sec. 


Net calorific value (un- 

8,500 to 

10,000 

9,600 and 

dried sample). Calories 

10,200 

over 

per kilogram 




Ash content, % by wt. 

0 to 0-5 

below 005 

not over 01 

Sulphur content. % by wt. 

Oto 5 

i not over 2 

not over 3 

Residue at 400° C. (pitch) 

Oto 25 

not over 5 

not over 1 5 

% by wt. 




Water content, % by wt. 

0 to 10 

not over 1 

not over 5 


Flash-point (closed) 

Hard asphalt content 
Ash content .... 

Viscosity (Redwood No. 1) at 100° F. 
Water content .... 
Pour-point* .... 

Conradson carbon 
Sulphur content .... 
Distillation -vol. to 350° C. . 
Aniline pointf .... 
Gross calorihc value 
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Messrs. Harland & Wolff, Belfast, give the following 
specification : 


Flash-point (closed test) not lower than 
Viscosity at 100'’ F. (Redwood No. 1) pre 
ferably not more than 
Ash content not more than 
Hard asphalt not more than 
Water and sediment not more than 
Coke value not more than 
Gross calorific value preferably not less than 

B.Th.U. per lb 

The oil to remain fluid down to . 


Small 

Large 

1 engines 

engines 

1 (a) 

ib) 

. i 150° F. 

150° F. 

. 75 sec. 

250 sec. 

• , 001 % 

005% 

. 1% 

I 2-0% 

. 0-5% 

1 10% 

• 20% 

1 30% 


19,000 
20° F. 


19,000 
35° F. 


Any Diesel fuel specification must necessarily have very 
wide limits if it is intended to include all suitable Diesel 
fuels. Within these limits it is, however, always possible to 
find some fuels which in such respects as ignition quality 
may fail to give satisfactory engine performance. Further 
investigation is needed in order to interpret existing physi- 
cal and chemical tests in terms of engine performance and 
also in order to develop a reliable test of ignition quality. 
For the present, the suitability of Diesel fuel for engine 
purposes can only be obtained with reliability by actual 
test in an engine. 
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OIL GAS 


By LEON J. WILLIEN 

Operating Gas Engineer, Byllesby Engineering and Management Corporation, Chicago, Illinois 


The major uses of oil in the manufactured gas industry 
are for the manufacture of 

1. Carburetted Blue Gas. 

2. Pacific Coast Oil Gas. 

Tables I to IV inclusive show the following by years 
for the 6-year period from 1929 to 1934. The data pertain 
only to the United States: 

Table I. Manufactured Gas Produced and Purchased 
for Distribution to Consumers. 

Table II. Manufactured and Natural Gas sold to 
Consumers. 

Table III. Manufactured Gases Produced. 

Table IV. Fuel Consumed in the Manufacture of Gas. 


Carburetted Blue Gas. 

For the 16-year period — 1919 to 1934 — 61% of all the 
gas manufactured in the United States for distribution 
to consumers was carburetted blue gas manufactured by 
the Lowe Process. This process was invented in 1872-5 
by Prof. T. S. C. Lowe at Norristown, Pa. It is an inter- 
mittent process in which blue gas and oil gas are simul- 
taneously produced and mixed in connected pieces of 
apparatus. The function of the oil gas is to enrich the 
blue gas. Attempts to enrich blue gas, prior to Lowe’s 
invention, were unsuccessful. Lowe’s Process makes the 
enriching oil gas in a separate chamber that is heated 
internally by the combustion of producer gas formed in 
a blue-gas generator. 


Table I 

Manufactured Gas Produced and Purchased for Distribution to Consumers* 


i 



Unit: million cubic feet 




1934 

1933 

1932 

1931 j 

1930 ' 

1929 

Total gas produced 1 

250,909 : 

243,677 

261,091 

294,223 

303,798 i 

308,983 

Gas purchased: | 

Coke oven gas . } 

92,134 i 

86,977 

92,424 

i 

109,456 

118,464 

114,944 

Oil refinery gasf , 

2,541 

2,809 

1,743 

1,473 

2,009 

2,176 

Natural gas 

41,122 

33,691 

27,158 

6,428 

1,968 

1,578 

Total gas purchased . . ! 

135,797 

123,477 

121,325 

117,356 

122,441 

118,698 

Total gas produced and purchased ..... 

386,706 

367,154 

382,416 

411,579 

426,239 

427,681 

Per cent, of gas purchased . j 

35-2 

33-6 

31-7 

27-5 

28-6 

27-6 

1 

Total gas produced j 

7,106 

6,901 

Unit: million cubic metres 
7,394 j 8,332 

8,604 

8,750 

Gas purchased: 

Coke oven gas ........ 

1 2,609 

2,463 

1 

2,624 

i 

1 3,100 

3,355 

3,255 

Oil refinery gasf ........ 

i 

76 

49 

j 42 

i 57 


Natural gas ......... 

1 1.167 

954 

769 

i 182 

j 56 

! 45 

Total gas purchased ....... 

1 3,848 

3,493 

i 3,442 

1 3,324 

1 3,468 

1 3,362 

Total gas produced and purchased ..... 

10,954 

10,394 

1 10,836 

11,656 

i 12,072 

1 12,112 


* American Gas Association Statistical Bull. no. 17 (Oct. 1935). 
t Does not include quantity used in production of reformed oil refinery gas. 


Table II 

Manufactured and Natural Gas sold to Consumers 








Unit: million cubic feet 







! 1934 

1933 

1932 ! 

1931 

1930 

1929 

Manufactured gas* 

Natural gast 

Total gas .... 
Per cent, of manufactured gas 
Per cent, of natural gas . 




. j 347,543 
. ' 960,270 

. 1 1,307,723 
26-5 

73-5 

334,168 

837,741 

1,171,909 

28-6 

71-4 ! 

352,175 
807,831 1 

1,160,006 1 
30-4 

69-6 I 

384,262 , 
879,250 1 
1,263,512 i 
30-4 1 

69-6 i 

396,111 

958,590 

1,354,701 

29-2 

70-8 

394,539 

957,887 

1,352,426 

29-2 

1 70-8 

Manufactured gas 

Natural gas .... 
Total gas . 




i 

. 1 9,840 

. i 29,140 

38,980 

9,464 1 
25,420 1 
34,884 i 

Unit: million cubic metres 
9,974 ! 10,882 1 

24,514 1 26,682 i 

34,488 1 37,564 

11,217 

29,090 

40,307 

1 11,174 

i 29,067 

40,241 


* American Gas Association Statistical Bull. no. 17 (Oct. 1935). 

t American Gas Association Statistical Bull. no. 18 (Oct. 1935). These figures do not include natural gas used in field operations and 
in the manufacture of carbon black, or gas used by distributing companies in the conduct of their gas operations. Companies selling mixed 
manufactured and natural gas are not included. 
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Table III 

Manufactured Gases produced* 



Unit: million cubic feet 


1934 

1933 

1932 

1931 

1930 

1929 

Water gas 

156,625 

152,957 

170,499 

190,635 

205,856 

213,549 

Coke oven gas ........ 

53,466 

51,366 

49,267 

56,266 

50,839 

48,814 

Retort coal gas 

30,016 

29,534 

32,084 

38,043 

40,070 

41,118 

Oil gas 

3,176 

3,607 

4,017 

4,287 

4,739 

4,846 

Reformed oil refinery gas ...... 

4,781 

4,593 

4,705 

4,478 

2,205 

646 

Reformed natural gas ....... 

1,985 

947 





Butane-air gas ........ 

859 

670 

519 

514 

89 

10 

Propane gas ......... 


2 





Pintsch gas 

1 

1 




•• 

Total gas produced 

250,909 

243,677 

261,091 

294,223 

303,798 

308,983 




Unit: million cubic metres 



Water gas 

4,753 

4,642 

5,174 

5,785 

1 6,247 

1 6,479 

Coke oven gas ........ 

i 1.622 

1,559 

1,495 

1,707 

! 1,543 

1,481 

Retort coal gas 

1 911 

896 

974 

1,154 

i 1,216 

1,248 

Oil gas 

: 96 

no 

122 

130 

1 144 

147 

Reformed oil refinery gas 

1 145 

139 

143 

136 

67 

20 

Reformed natural gas 

60 

29 





Butane-air gas ........ 

24 

1 

15 

15 

3 


Propane gas ......... 







Pintsch gas ......... 




.. 



Total gas produced 

7,611 

7,394 

7,923 

8,927 

9,220 

9,375 


• American Gas Association Statistical Bull. no. 17 (Oct. 1935). 


Table IV 


Fuel consumed in the Manufacture of Gas* 


1 

Units: Coal and Coke, tons of 2,000 lb,; Oil, U.S. gallons 



1934 

1933 i 

1932 

1931 

1930 

1929 

Water gas production {generator fuels): 

Anthracite coal 

82,000 

46,000 

33,000 

37,000 

84,000 

101,000 

Bituminous coal ....... 

478,000 

399,000 

463,000 

600,000 

601,000 

614,000 

Coke 

1,264,000 ' 

1,273,000 ' 

1,562,000 

1,891,000 

2,207,000 

2,361,000 

Coke breeze ....... 

26,000 

25,000 

27,000 

20,000 

14,000 

20,000 

Total generator fuel ...... 

1,850,000 

1,743,000 

2,085,000 

2,548,000 

2,906,000 

3,096,000 

Boiler fuels: 







Anthracite coal (includes screenings) 

104,000 

86,000 

82,000 

98,000 

117,000 

166,000 

Bituminous coal ....... 

388,000 

337,000 

413,000 

531,000 

637,000 

695,000 

Coke 

90,000 

84,000 

77,000 

104,000 

153,000 

150,000 

Coke breeze ....... 

404,000 

422,000 

460,000 

489,000 

454,000 

423,000 

Total solid fuel 

986,000 

929,000 

1,032,000 

1,222,000 

1,361,000 

1,434,000 

Oil, 1,000 gal 

11,072 

9,726 

9,136 

16,072 

24,578 

21,610 

Coal and oven gas production: 

Bituminous coal carbonized ..... 

7,464,000 

7,042,000 

7,160,000 

8,314,000 

8,169,000 

8,097,000 

Bench and producer fuel ..... 







Bituminous coal 

i6,000 

i4,000 

7,000 

i 5,000 

i 9,000 

33,000 

Coke 

744,000 

702,000 

715,000 

920,000 

937,000 

921,000 

Coke breeze ....... 

75,000 ; 

70,000 1 

61,000 1 

53,000 

9,000 ! 

29,000 

Total fuels 

835,000 

786,000 1 

783,000 

938,000 

965,000 

983,000 

Oil: 





( 


Carburetting water gas, 1,000 gal. 

483,228 ! 

479,747 

533,216 

589,932 

628,179 

624,179 

Making oil gas, „ ... 

27,737 1 

31,635 

35,211 

40,791 

45,637 

44,977 

Total oil, „ ... 

510,965 1 

511,382 

568,427 

630,723 

673,816 

669,156 

Totals: 







Anthracite coal 

186,000 

132,000 

122,000 

135,000 

201,000 

267,000 

Bituminous coal ....... 

8,349,000 

7,792,000 

8,043,000 

9,460,000 

9,426,000 

9.439.000 

Coke 

2,098,000 

2,059,000 

2,354,000 ! 

2,915,000 

3,297,000 

3.432,000 

Coke breeze ....... 

505,000 

517,000 

548,000 

562,000 

477,000 

158,000 

Total solid fuel 

11,138,000 

10,500,000 

11,060,000 

13,022,000 

13,401,000 

13,610,000 

Total oil, 1,000 gal 

522,037 

521,108 

577,563 

646,795 

698,394 

690,766 

Lb. generator fuel per 1,000 cu. ft. water gas produced 

23-6 

22-8 

24*3 

26-7 

28-2 

290 

Gallons of carburetting oil per 1,000 cu. ft. water gas 
produced 

310 

314 

314 

309 

305 

2-93 

Gallons of oil per 1,000 cu. ft. oil gas . 

8-70 

8-75 

8-80 

8-55 

9*60 

9-30 

Cubic feet of coal gas per ton of coal carbonized 

11,200 

11,500 

11,300 

11,300 

11,150 

11,100 


♦ American Gas Association Statistical Bull. no. 17 (Oct. 1935). Companies formerly distributing manufactured gas but which were distri- 
buting natural gas at the beginning of 1934 have been excluded from tabulation for ail six years. 
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Description of Apparatus. 

Fig. 1 is a diagrammatic drawing of a three-shell car- 
buretted blue-gas machine equipped with a backrun. This 
is a type of machine that is in general use to-day. It con- 
sists of three brick-lined cylindrical steel shells: the 
generator, the carburettor, and the superheater. The 


StdtU 

BacWrun Steam 



Fig. 1. Diagrammatic sketch of a three-shcil carburetted 
blue-gas machine. 

generator is equipped with a grate for supporting a fuel bed 
and a fuel-charging door at the top. Below the grate, 
connexions are provided for introducing air and steam and 
a gas exit. At the top is a gas-outlet connexion to the top 
of the carburettor. The carburettor and superheater as 
shown in the figure are connected at the bottom by a brick- 
lined gasway and are partly filled with checker brick. At 
the top of the carburettor there is an oil spray, and at the 
top of the superheater a stack valve and a gas connexion 
leading to a washbox through a three-way backrun valve. 
There is a provision for introducing air into the connexion 
between the top of the generator and the top of the 
carburettor. 

Description of Process. 

Coke, anthracite coal, bituminous coal, and oil are the 
chief raw materials used for making carburetted blue gas. 
Fig. 2 is a material flow sheet for a carburetted blue-gas 
plant. The operating procedure is as follows : 

Fuel is placed in the generator and heated to incandes- 
cence by blowing air through the fuel. The air in passing 
through the fuel bed forms producer gas. The producer 
gas passes from the top of the generator into the top of the 
carburettor. Air is introduced into the connexion between 
the tops of the generator and the carburettor for the 
combustion of the producer gas. The hot products of 
combustion travelling down through the checker brick of 
the carburettor and up through the superheater heat these 
parts of the apparatus and pass out through the stack 
valve at the top of the superheater. This operation is 
known as a blow. When the proper temperatures are 
obtained in the fuel bed and the checker brick, the air is 
shut off and the stack valve closed. Steam is admitted into 
the bottom of the generator, passes up through the in- 
candescent fuel, reacts chemically with the carbon and 
forms blue gas which consists mostly of CO and Hg. The 
blue gas passes from the top of the generator into the top 
of the carburettor. Oil is introduced into the carburettor 
through the oil spray at the top. The oil vaporizes, mixes 
with the blue gas, and passes down through the checker 
brick in the carburettor and up through the superheater. 
In their passage through the hot checker brick the oil 


vapours are cracked into permanent gases. The mixture 
of blue gas and oil gas is carburetted blue gas. It passes 
from the top of the superheater through the three-way 
backrun valve into the washbox. From the washbox it 
passes to a relief holder. This operation is known as an 
uprun. When the proper amount of oil has been introduced, 
the oil and steam are shot off. A backrun is then made. 
The opening in the three-way backrun valve between the 
top of the superheater and the washbox is closed and the 
connexion with the backrun pipe opened. Steam is intro- 
duced into the top of the superheater and passes down 
through the superheater, up through the carburettor, over 
into the top of the generator, and down through the 
incandescent fuel bed. In passing through the fuel bed, 
blue gas is formed which passes from the bottom of the 
generator through the backrun pipe, the three-way backrun 
valve, and the washbox into the relief holder. This opera- 
tion continues for a slightly longer period than the uprun. 
It is followed by a very short uprun without introducing 
oil into the top of the carburettor. This completes an 
operating cycle which consists of a blow and a make 
period. These cycles are repeated throughout the 24 hours, 
if necessary, with intermissions only to add fuel to the 
generator or to clean the ashes from the generator grate. 



Fig. 2. Material flow sheet for carburetted blue-gas plant. 
(Morgan, American Gas Practice, vol. 1, 2nd ed., p. 454.) 


The carburetted blue gas thus made must be purified 
before it can be utilized. This is done by pumping it from 
the relief holder with a gas exhauster and passing it 
through condensers and scrubbers to cool the gas and re- 
move the tar. The gas then is passed through purifying 
equipment which removes all the hydrogen sulphide. 

In many plants the hot-blast gases leaving the top of 
the superheater during the blow period are passed through 
a waste-heat boiler in which approximately 75% of the 
sensible heat in the blast gases is recovered as steam. 
Passing the hot carburetted blue gas through a waste-heat 
boiler has been tried but is not practical. Difficulty is 
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encountered with the deposition and carbonization of tar 
in the gas flues. 

Prior to the development of the backrun process by 
Young and Whitwell about 1920, the uprun was followed 
by a downrun in which steam was introduced into the top 
of the generator. The blue gas passed from the bottom of 
the generator up into the top of the carburettor and passed 
through the carburettor and superheater the same as the 
uprun gas. A system of hot valves was used in which the 
gas outlet at the bottom of the generator was closed when 
the gas outlet at the top of the generator was open and vice 
versa. With this arrangement it was not necessary to shut 
off the oil when making a downrun. The period of oil 
introduction was much longer than it is with the backrun 
operation. 

Until 1918, coke or anthracite coal or a mixture of the 
two was used in the generator. The high prices of these 
fuels during the war forced gas companies to seek a cheaper 
fuel. High volatile coking coals were used. Their use 
resulted in an unbalanced heat condition in a carburetted 
blue-gas machine. The evolution of the volatile con- 
stituents of the coal during the blow period enriched the 
producer gas which caused excessive temperatures in the 
carburettor and superheater. Young and Whitwell con- 
ceived the idea of overcoming this difficulty by passing 
steam back through the superheater and carburettor. This 
operation has the following advantages as compared with 
the old uprun and downrun operation, not only with 
bituminous coal but also with coke or anthracite coal: 

1. The overheating of the carburettor and superheater 
is overcome. 

2. The excess heat is utilized in superheating the steam 
before passing through the fuel bed. This transfers 
the heat to the fuel bed and improves the blue-gas 
reaction. 

3. The steam passing over the hot checker brick reacts 
with any carbon deposits thereby keeping the 
checker bricks clean. 

4. The hot valves are not needed. This is a decided 
advantage in that they were a continual source of 
trouble. 

A modem carburetted blue-gas machine with full auto- 
matic operation is tmly a mechanical robot. Prof. Lowe, 
however, showed all the functions of the carburetted blue- 
gas process of to-day, except as these have been somewhat 
refined. The fundamental process remains much the same, 
but labour costs have made necessary mechanical devices 
which were not used at the start. 

Carburetting Oils [13]. 

The composition of a carburetting oil depends mainly 
upon the composition of the crude oil from which it is 
made. 

In the early days of the oil business, the products in 
most demand were the burning of lamp oils and the 
lubricating oils. Naphtha was a drug on the market and 
was used in some of the early processes to enrich manu- 
factured gas. Gas oil was the distillate which was too heavy 
for lamp oil and not viscous enough for lubricating oil. 
It was difficult for the refiner to market and therefore 
available at a low price. Its low price in the early days was 
an important factor in the rapid development of the car- 
buretted blue-gas process in the United States. 

The enormous increase in the use of gasoline during 
the past 20 years with the resultant changes in refining 


practice has had a great influence on the composition of 
gas oil. Straight-run gas oil is now treated by cracking 
processes for the production of gasoline [2]. A large part 
of the gas oil now available for use in the manufacture of 
carburetted blue gas is the residue from the cracking 
process after the separation of gasoline and lamp oils. 

With the continued increase in the demand for gasoline, 
there is less cracked gas oil available due to the practice 
of recycling the heavy distillates in the cracking processes. 
This scarcity of gas oil, resulting in increased prices, 
together with the increased production and use of natural 
gas, has led to the extensive use of heavy asphaltic oils 
for carburetting blue gas. These fuel oils may be in some 
cases crude oils which have such a small amount of low- 
boiling compounds that practically no gasoline can be 
obtained from them by straight distillation; they may be 
topped or stripped crude oil ; or they may be the residue 
from a continuous distillation process. 

Summing up, the carburetting material now used in the 
United States includes the following petroleum products: 

A. Topped crudes obtained by the removal of naphtha 
from the original crude oil. 

B. Stripped crudes which are produced when both 
naphtha and kerosine are removed. 

C. Crude residues which arc left when all but the high- 
boiling material is distilled from the crude. 

D. Straight-run distillate (gas oil), the fraction of the 
crude distilling between 5(X)' and TOO"" F. ap- 
proximately. 

E. Topped-cracked oil obtained by the removal of 
naphtha from oil which results when A, B, or D is 
subjected to a cracking process. 

F. Cracked residue which is left when the distillate up 
to 500° F. is distilled from the cracked oil. 

G. Cracked distillate, the fraction of the cracked oil 
which distils between 500° and 700° F. approxi- 
mately. 

H. Pressure distillate which is a fraction similar to G 
but separated from the cracked oil under pressure. 

In general, when obtained from the same crude, the 
quality of these materials for carburetting decreases in the 
following order: D, B, A, C, G, F, E, H [5]. 

Characteristics of Carburetting Oils [14]. 

That the nature of a carburetting oil is complex and 
variable is obvious from its sources. Chemically the 
straight-run gas oils may be mixtures of compounds from 
any or all of the following series of hydrocarbons : paraffin, 
olefine, di-olefine, acetylene, naphthene, unsaturated rings, 
and aromatic compounds. In addition, the asphaltic fuel 
oils and the cracked residuums contain many complex 
hydrocarbons of whose nature there is little or no exact 
information. Some of the complex compounds of the 
heavy fuel oils also contain oxygen and sulphur. 

Table V gives the characteristics of typical carburetting 
oils as shown by some of the tests commonly made on 
them. 

The percentage of sulphur is important. The sulphur in 
the oil gas is a function of the sulphur in the oil. Since the 
sulphur as H 2 S in the oil gas must be removed by purifica- 
tion, the higher the sulphur content of the oil the higher 
the expense of purifying the oil gas. 

The percentage of hydrogen in an oil is a fair measure 
of its gas-making properties [33, 1934]. The higher the 
percentage of hydrogen in an oil, the greater the value for 
gas-making purposes. 
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The percentage of asphalt as well as that of coke, or 
carbon residue, is an indication of the tendency of the oil 
to deposit carbon in the carburettor. 

The heating value of an oil is not a direct measure of its 
gas-making properties. It is useful, however, in calculating 
heat balances. 

The flash- and fire-points are useful guides indicating 
the hazards of fire or explosion in the storage and use of 
an oil. 

The gravity is expressed in degrees API. It gives little 
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Contrast between Gasification of OU and Carbonization 
of Coal [15]. 

Coals are substances which contain considerable oxygen 
and yield two classes of compounds: 

1. Phenols, containing oxygen, hydrogen, and carbon. 

2. Hydrocarbons, containing only hydrogen and carbon. 

In addition, coals contain appreciable amounts of nitrogen 
and sulphur; hence, the products of carbonization of coal 


Table V 

Characteristics of Carburetting Oils, American Gas Practice 
Morgan, 2nd ed., 1, 462 


Sample designation i 

A 

Gas 

oil 

C 

Gas 

oil 

API. gravity at 77° F, . 

3510 

32-50 

Coke, % j 

0-22 

062 

Sulphur, % ; 



Distillation test: i 



Per cent, by volume: 



Below 400° F 

1-30 

1 40 

400 to 450° F 

15-80 

7-00 

450 to 500° F 

26-00 

15-30 

500 to 550° F i 

20-90 

18-90 

550 to 600° F i 

14-80 

17-40 

600 to 650° F 

8-60 

13-30 

650 to 700° F j 

6-70 

9-50 

700 to 750° F. . . . . . ; 

5-60 

8-20 

Residue and loss . ! 

0-30 

200 

Below 600° F. . . . . . 1 

78-80 

60-00 

Above 600° F | 

20-90 

38-00* 

Hydrocarbon test: 



Per cent, by volume: i 

Paraffin 

73 00 

45 00 

Naphthenes 

9 00 

1900 

Aromatics j 

400 

10-00 

Olefines ! 

14-00 

26-00 

Saturated compounds .... 

8200 

64-00 

Aromatics and unsaturated 

18-00 

3600 

Cracking test: 

! 1,330 

1,390 

1,380 

1,425 

Optimum temperature, ° F. . . | 

B.Th.U. in gas per U.S. gal 

104,000 

101,500 

B.Th.U. of oil gas per cu. ft. ... 

1,750 

1,750 

Cu. ft. of oil gas per U.S. gal. . 

59-50 

58 00 






4 

5 

B 

1 

2 

3 

Heavy oil 

Heavy oil 

Gas 

Heavy 

Heavy 

Heavy 

with some 

containing 

oil 

oil 

oil 

oil 

cracked tar 

cracked tar 

30-30 

21-10 

17-20 

15-40 

17-30 

13-90 

002 

3-98 

9 05 

7-10 

4-62 

4 11 

’ ' 

1-18 

2 77 

1 

0 60 

0-98 

0-58 

090 






10-00 




.. 


26-00 


0-60 


4-50 

3-90 

31-90 

1-60 

2-90 

2-00 

11 00 

1240 

16-70 

5-20 

5-60 

4-30 

12-40 

16-00 

8-30 

9-10 

22-20 

12-10 

16-10 

15-40 

2-50 

26-80 

24-20 

31*90 

14-40 

16-00 

3-50 

14-00 


32-10 

30-00 

20-20 

0-20 

43-30t 

44-50t 

17-60 

11 60 

16-10 

85-50 

6-80 

9-10 

6-30 

27-90 

32-30 

14-30 

49-90 

1 

46-40 

66-10 

60-50 

51-60 

44-60 

1 

I 49-00 

3200 

34-90 

48 30 

35-70 

43-00 

23-00 

48 00 

36-30 

21-70 

27-90 

8-00 

8-40 

0-80 

12-00 

12-00 

14-40 

4-40 

19-60 

19-20 

16-80 

18-00 

22 00 

87-60 

72-00 

80-00 

71-20 

70-00 

63 60 

12-40 

28 00 

20-00 

28-80 

30-00 

36-40 

1,380 

1,350 

1,350 

1,300 

1,350 

1,300 

1,410 

1,500 

1,450 

1,450 

1,450 

1,425 

96,500 

108,100 

96,900 

96,000 

84,000 

74,500 

1,595 

1,775 

1,870 

1,741 

1,705 

1,770 

6050 

6080 

51-80 

55 10 

49-30 

4200 


♦ Includes 7 0% distilling between 750 and 817° F. t Begins to crack at 705° F. 


t Decomposes at 672° F. 


information about the nature or composition of a gas oil. 
For oils composed of the same series of hydrocarbons in 
the same proportions, the higher the API. gravity the 
lower the boiling-point. For oils of the same boiling-point 
or distilling between the same temperatures, those com- 
posed of paraffin hydrocarbons have the highest API. 
gravity, while the presence of unsaturated compounds or 
of ring compounds decreases the API. gravity. 

In the distillation test, these determinations are made: 
the percentages by volume and the gravity of the fractions 
distilling between the points on the Fahrenheit scale which 
are multiples of 50°, and the residue left at 700° or 750° F. 
This test is very generally made on carburetting oil, and 
an effort has b^n made through a joint committee of the 
American Gas Association and the American Society for 
testing materials for this test and for other tests on gas 
oils [1, 1929]. 


always include ammonia, cyanides, hydrogen sulphide, 
complex nitrogen, and sulphur compounds. While the oils 
used in the carburetted blue-gas process usually contain 
some sulphur, they are generally free from oxygen and 
nitrogen, except in small amounts. Therefore, the products 
of the decomposition of oil by heat largely contain carbon 
and hydrogen, small amounts of hydrogen sulphide and 
smaller amounts of other sulphur compounds. With both 
coal and oil, considerable portions of the carbon and 
hydrogen are found free in the final products of de- 
composition. 

In the carbonization of coal, the coal is gradually heated 
to the final carbonization temperature. The temperature 
is therefore continually changing. The final products are 
mixtures of both low temperature and high temperature. 
Furthermore, the decomposition of the hydrocarbons 
occurs in a constantly changing atmosphere in both 
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character and amounts of diluents, hydrogen, water 
vapours, and oxides of carbon. 

The decomposition of oil, a simpler material than coal, 
in the carburetted blue-gas process occurs in an atmosphere 
of blue gas and steam under fairly uniform conditions as 
to temperature and time of contact which are readily 
controlled. 

Reactions in the Gasification of Oil. 

In a carburetted blue-gas machine, oil is gasified by 
heat at practically atmospheric pressure (between 1 and 
2 lb. per sq. in.). 

Very little is really known about what actually occurs 
in the carburettor and superheater. The most extensive 
investigation on this subject is probably that of Whitaker 
and Leslie [32, 1916]. The purpose of their investigation 
was to show in general what results may be expected in the 
decomposition of an oil if temperature, rate of oil feed, and 
concentration of hydrogen are taken into account and 
carefully controlled. In addition to showing the propor- 
tions of products obtainable under a variety of conditions, 
Whitaker and Leslie reached the following conclusions as 
a result of their investigation : 

I. That the importance of radiation in so far as it is 
concerned in the furnishing of the energy for the 
production of hydrocarbon reactions has been 
overestimated. 

II. That effects often ascribed to catalysis are in 
reality due to effective heat transfer by conduction 
and convection from the large heated surfaces 
exposed to the gases. 

III. That the equilibrium condition is not attained in 
a hydrocarbon system when an oil is decomposed 
by heat under conditions analogous to those of 
carburetted water-gas manufacture. 

IV. That the course of the changes involved in the 
breaking down of a hydrocarbon may be roughly 
traced. 

V. That hydrogen is produced from an oil even when 
the cracking takes place in hydrogen. 

VI. That considerable absorption of hydrogen takes 
place when an oil is cracked in an atmosphere 
of hydrogen, and this absorption is greater the 
higher the concentration of hydrogen, the higher 
the temperature (within the range studied), and 
the lower the oil rate. 

VII. That propylene and higher olefines constitute one- 
third by volume of the illuminants of the gas. 

VIII. That the proportion of tar increases with decrease 
in temperature, and with increasing oil rate, 
particularly at the lower temperatures, 

IX. That no marked and consistent difference in the 
amount of tar formed when an oil is decomposed 
alone or in hydrogen at temperatures of 723° C. 
or below is noticeable. At 825° C. less tar is 
formed when the oil is cracked in hydrogen. The 
tars formed below 723° C. are in large part un- 
unchanged or partly changed oil, whereas those 
tars formed above 800° C. are essentially com- 
posed of synthetic products. 

X. That the reactions which result in decreasing the 
proportion of illuminants are the most rapid. 

XL That the presence of hydrogen during the decom- 
position of an oil has the effect of increasing 
largely the proportion of the carbon of the oil 
appearing as hydrocarbons in the gas. 


XII. That within the temperature range studied the 
volume of illuminants produced per volume of oil 
increases with one slight exception. The formation 
of methane is greater the higher the temperature. 
The formation of ethane is not large at any 
temperature and therefore the primary decom- 
position of an oil involves chiefly a splitting off 
of methane rather than ethane or higher homo- 
logues. 

XIII. That a temperature of 823° C. is desirable in 
decomposing an oil, provided that too great 
opportunity for extensive secondary and tertiary 
change is not given. 

XIV. That with correct design of apparatus, and proper 
adjustment of temperature, rate of oil feed, and 
concentration of hydrogen, it is possible to obtain 
gases of widely varying composition. 

The oil used in this investigation was a water- white oil 
of 0-800 specific gravity which boiled between 150° C. and 
265° C. Since Whitaker and Leslie state that the plan and 
scope of their work was to study the decomposition of 
paraffin hydrocarbons, it is probably fair to assume that 
the oil was a paraffin oil. 

Practically all the work that has been done on the 
reactions occurring in the gasification of oils in connexion 
with the manufacture of gas has been on paraffin oils. 
Regardless of the oil used or the nature of the reactions 
that occur, the final results are production of free hydro- 
gen: simple gaseous hydrocarbons (methane, ethane, 
ethylene, and propylene), tar containing aromatics and 
heavy complex hydrocarbons, and free carbon. If the 
original oil consists of paraffins and olefines, the result is 
less free carbon and tar, more and a better gas containing 
less free hydrogen, and more hydrocarbons. If the oil 
is composed of ring compounds, either naphthenes or 
unsaturated rings, the result is more free carbon and tar, 
less gas and a leaner gas containing more free hydrogen 
and less hydrocarbons. Although the percentage of hydro- 
gen in the oil is an indication of its gas-making properties, 
it is the amount of carbon in the hydrocarbons of the gas 
that is the final measure of the enriching value. This 
depends upon both the nature of the oil and the conditions 
under which it is gasified [16]. 

In a modem carburetted blue-gas machine using the 
backmn, the oil is gasified contrary to the counterflow 
principle. It is sprayed into the top of the carburettor 
where the temperature of the checker brick is the highest, 
and the oil gas leaves the machine at the top of the super- 
heater where the temperature is the lowest. The variation 
in temperature between these two points is 200° F. or 
more. A high temperature in the top of the carburettor is 
essential to vaporize the oil. From the standpoint of gas 
making, the ideal goal is complete gasification of the oil 
without the production of tar or lampblack. The author 
(Willien) believes that this goal will be more nearly reached 
if the oil is cracked or gasified according to the counter- 
flow principle. This will probably require vaporizing the 
oil before introducing it into a carburetted blue-gas 
machine and may also require extensive changes to a stan- 
dard carburetted blue-gas machine or a machine of an 
entirely new design. The coke residue remaining after 
vaporization when using fuel oil will fill a vaporizing 
chamber very quickly. With present practice the coke is 
deposited on the checker brick and burned off during 
the blow period and gasified by the steam during the 
backrun. 
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There should be more research work done on the 
reactions that take place when oil is gasified in a carbu retted 
blue-gas machine. 

Factors influencing Gasification of Oil. 

Among various manufacturing processes, and particu- 
larly among those concerned with the production of manu- 
factured gas, there is probably none so complicated and 
subjected to so many variable factors as that involved in 
the manufacture of carburetted blue gas. Harper [9,1919] 
listed 289 gas-machine factors involved in the manufacture 
of carburetted blue gas. These factors involve not only 
the gasification of oil but also the production of blue gas, 
machine outputs, &c. 

The primary factors in the gasification of oil are: 

1. Temperature. 

2. Time of contact. 

3. Concentration or presence of foreign or diluent gases. 

Pressure is not an important factor in the carburetted 
blue-gas process because there is practically none in a 
carburetted blue-gas machine. 

Temperature. The temperature at which an oil is 
gasified is of primary importance. 

Excessive temperatures in the carbutettor and super- 
heater cause the formation of lampblack and naphthalene 
which clog pipes and equipment around a gas plant. If 
allowed to pass into a gas-distribution system, naphthalene 
will deposit in the pipes and cause stoppages. 

With low temperatures, there is incomplete gasification 
of the oil resulting in the production of an excessive 
amount of an oily tar. The oil gas will contain liquid phase 
gum-forming constituents which are deposited and cause 
stoppages when the gas passes through a restricted area 
as in a pressure regulator, or a small orifice such as a 
pilot light on a gas appliance. 

The proper cracking temperature obviously is that at 
which the maximum carburetting efficiency is obtained. 
While it varies with the character of the oil used and is de- 
pendent upon several other factors, in general the tempera- 
ture used is approximately 1,400^ F. (760"* C.) as measured 
at the base of either the carburettor or superheater. 

In the operation of a carburetted blue-gas machine, two 
methods are used for determining whether the oil is being 
cracked properly. One is the trowel test in which gas is 
allowed to flow from a small cock at the top of the super- 
heater and impinge on a mason’s trowel or a piece of 
bright metal. If the tar deposited on the metal is of an 
oily nature, the temperature is too low; if lampblack is 
deposited, the temperature is too high. The proper 
temperature is that which produces a dark brown deposit 
free from oil and lampblack. The test may also be made 
with a strip of unglazed white paper. The other method 
is the appearance of the tar overflowing with the water 
from the wash-box. With low temperatures the tar will 
contain appreciable amounts of undecomposed oil which 
float on the surface of the water. With excessive tempera- 
tures there will be a scum of lampblack. At the proper 
temperature there will be a dark brown tar which will 
float just below the surface of the water. 

Time of Contact. The principal factors influencing the 
time of contact are: 

1. The rate of oil input. 

2. The rate of blue-gas production. 

3. The amount of checker bricks, their arrangement and 
spacing in the carburettor and superheater. 


At a given temperature and time of contact, which we 
will assume to be proper for the most efficient cracking of 
a given oil, an increase in the time of contact should result 
in overcracking of the oil, while a decrease in the time of 
contact should result in undercracking. While this is true 
to a certain extent in the carburetted blue-gas process, a 
variation in temperature produces a more decided effect 
than a proportional variation in the time of contact without 
a variation in temperature. 

Many of the improvements and changes that have been 
made in the carburetted blue-gas machine during the past 
20 years have resulted in increased gas-generating capacity, 
the tendencies of which have been towards a reduction 
in the time of contact. With the introduction of the back- 
run process the period of oil introduction was reduced 
approximately 50%, which reduced the time of contact 
a proportionate amount. While there has been a slight 
increase in the temperature carried in the carburettor and 
superheater — about 15% — there has been no decrease in 
the carburetting efficiencies of the oil. Whatever change 
that has occurred has been towards greater efficiencies 
rather than less. This statement is based upon the assump- 
tion that the same oil is used. Lower carburetting effici- 
encies are obtained with the fuel or bunker oils used to-day 
than with a gas oil. 

A small amount of gas usually leaks around the stack 
valve of a carburetted bliic-gas machine during the run- 
or gas-making period. This gas is ignited by a pilot flame. 
From the character of the gas flame at the stack valve 
the presence of oil gas can be determined. Assuming the 
time of contact in a carburetted blue-gas machine to be 
the time from the turning on of the oil into the top of the 
carburettor to the time of the oil gas appearing at the 
stack valve, readings taken by the author (Willien) showed 
the time of contact to be between 5 and 6 seconds. 

Tests were made by the author (Willien) in which the 
temperature at the base of the superheater was maintained 
constant and the rate of oil introduction was increased as 
much as 40%. This reduction in the time of contact had 
no appreciable effect on the carburetting efficiency of the 
oil. 

Concentration or Presence of Foreign or Diluent Gases. 
Downing and Pohlmann [4, 1916] made an extensive 
series of tests in which a gas oil was cracked in several 
different atmospheres in a laboratory oil-cracking machine. 
The oil was cracked at various temperatures in atmospheres 
of the following gases : nitrogen, oil only, carbon dioxide, 
carbon monoxide, hydrogen, methane, blue gas, blue gas 
plus 10% steam, and blue gas plus 20% steam. A summary 
of these tests is given in Table VI. 

The results of these tests lead to the conclusion that no 
advantage is to be gained over the blue-gas atmosphere. 
The tar formation was lower and carbon deposition 
medium. The B.Th.U. results were greater than those 
obtained in any single atmosphere except that of blue gas 
plus 10% and 20% steam. The oil cracked in such an 
atmosphere showed greatly increased B.Th.U. in the oil gas 
produced per U.S, gallon of oil at temperatures from 1 ,225'' 
to 1,475° F. This may have been due to a decrease in an 
excessive time of contact, to some reaction between the 
steam and oil, and to a reaction between the steam and 
the carbon deposited in the cracking tube. Such an atmo- 
sphere more nearly approaches that of actual practice than 
the atmosphere in any of the other tests. An appreciable 
percentage of the steam passing through the incandescent 
fuel bed in the generator is not converted into blue gas. 
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This undecomposed superheated steam passes over into 
the carburettor with the blue gas. In reality, therefore, the 
oil is cracked in an atmosphere of a mixture of blue gas 
and steam. 

The oil used by Downing and Pohlmann was a Mid- 
Contincntal gas oil of 0*8614 gravity, 93% of which dis- 
tilled up to 700^ F. When cracked straight at temperatures 
between 1,300^ and 1,350° F., between 78,000 and 80,000 


Carburetting Efficiencies. 

In carburetted blue-gas manufacture the carburetting 
efficiency is spoken of as ‘Oil Efficiency’. It is expressed 
as B.Th.U. per gallon of oil (in England it is therms per 
gallon— a therm is 100,000 B.Th.U.), and is the number 
of B.Th.U. per gallon of oil which appear in the heating 
value of the oil gas in the final carburetted blue gas. 


Table VI 

Results on Cracking Gas Oil in Atmospheres of Various Gases 
Downing and Pohlmann. Proc. Amer. Gas Institute, 610, Tabic III (1916) 


Kind of diluent 

Nitrogen 

Oil only 

Carbon 

dioxide 

Carbon 
mono\ ide 

Hydrogen 


Methane 

Temperature, F. . 

1,304 

1,349 

1,315 

1,349 

1,300 

1,350 

1,305 

1,358 

1,302 

1,355 

1,416 

1,300 

1,349 

Cu. ft. oil gas perU.S.gal. oil 

58-50 

61 20 

62 60 

6620 

66-00 

66-20 1 

57-80 i 

63-70 

50-20 j 

53-60 

55-80 

57-20 

61 90 

1,000 B.Th.U. perU.S. gal. 

90-70 

98 50 

7990 

7800 

99-40 

97-50 ! 

91 60 

96-10 

93-00 • 

99 20 

99-90 

88-00 

96-00 

Per cent, tar . 

38-00 

34 80 

43-80 

3200 

37-50 

29-40 

41-20 ; 

38-10 

30-40 i 

27-50 : 

27-10 

33-90 

32-50 

Per cent, carbon 

12-70 

16-20 

12-40 

15-80 

1 20-20 

24-30 

5-20 

8-70 

7-10 

6-70 

8-70 

14-20 

11-90 

Per cent, gas . 

49-30 

49-00 

43-80 

46-20 

42-30 

46-30 

53-60 

53-20 

62-50 1 

65-80 

64 20 

51-90 

55-60 

Constituents formed, per 
gal, oil: 

Cu. ft. illuminants 

25 60 

27-00 

1940 

18-15 

28-26 

27-25 

3000 

29-80 

24 50 

26 00 

25-20 

27-00 

28-90 

Cu. ft. carbon monoxide 

2-60 

1-60 

; 1-25 

1-06 

, 3-39 i 

i 2-96 > 

-5-00 

- 2-90 

2-90 

1-00 

2-00 

i 3-30 

i 1-80 

Cu. ft. hydrogen 

8-50 

10-60 

8-20 

10-00 

6-71 i 

i 5 04 , 

0-30 

8-10 

-13-10 

-20-60 

- 17 80 

I 8-10 

1 10-20 

Cu. ft. methane 

21-30 

27-00 

1 32-42 

35-80 

30 29 

29-05 ; 

30 20 

28-20 

13-30 : 

32-30 , 

36-90 

' 17-40 

17-20 

Cu. ft. ethane 

2-40 

1-00 
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19 40 

12 60 

9-40 

1 0-20 

1 .. 

B.Th.U. of illuminants . 

2,370 

2.260 

2,260 

2,580 

' 2,330 

2,410 

2,0*90 

2.200 

2,090 1 

2,020 i 

2,160 

! 2,466 

i 2,585 

Sp. gr. of illuminants 

1-162 

1-182 

1-112 


j 1-170 

1 1-100 

1-151 

1-203 

0-989 

0-974 

0 965 

; 1-097 

i 1-098 


Kind of diluent Blue ffas i JO Vo steam 20"^^ steam 


Temperature, ® F. . .1 

1,212 

1,256 

1,315 

1,357 1 

1,452 

1,250 

1,300 

1,350 

1,400 i 

1,300 

1,250 

1,400 

1,450 

Cu. ft. oil gas per U.S. gal. oil 

32 60 

45 90 

53-20 

56-60 ; 

59-80 

54-20 

56-60 

60-40 

65-20 

59-20 

61-80 

61-70 

66-80 

1,000 B.Th.U. per U.S. gal. 

67-75 

92 10 

99-80 

100-75 : 

103-30 

98-70 

100-70 , 

101-60 

102 00 

107-20 

110-70 

105-50 

105-50 

Per cent, tar . 

48-80 

37-60 

31-80 

30 30 

2600 

29 50 

24-20 

23-90 

24-30 

20-60 

25-60 

21-20 

20-20 

Per cent, carbon 

12-80 

9 50 

11-40 

10-50 , 

17-10 

11 20 

15-20 

18-10 , 

18-30 

5-90 

5-40 

1480 

14-80 

Per cent, gas . 

38-40 

52-90 

56-80 

59 20 

56-90 

59-30 

60-60 

58 00 

57-40 

73-50 

69-00 

64 00 

6500 

Constituents formed, per 




t 










gal. oil: 









1 





Cu. ft. illuminants 

19 40 

27 60 

3000 

29-80 

27-40 

i 27-40 

27-37 

2646 

25-81 

1 28-20 

29-50 

27-40 

2640 

Cu. ft. carbon monoxide 

+ 0-60 

-1-10 

+ 1-40 

-0 60 

-MO 

-1-51 

-0-50 

+ 1-17 

+ 1-50 

+ 0 60 

-0-20 

+ 0-90 

-080 

Cu. ft. hydrogen . . j 

-3-40 

^ 6 40 

-6-00 

-9 10 

-11-40 

‘ -8-08 , 

-8-10 

-12-10 

-9-18 

-3-20 

-9-10 

-6 10 

-2-70 

Cu. ft. methane 

13-80 

21-90 

26-80 

32-30 

44 90 

26-00 

32-52 , 

39-80 

44-04 

36-20 

36-50 

29-60 

35-40 

Cu. ft. ethane ; 

1 60 

1-90 

4 50 

490 


1 6-18 

3-08 

0 62 


1 .. 

3-80 

7 00 

600 

B.Th.U. of illuminants . | 

2,670 

2,492 

2,243 

2,045 

2,21 1 

1 2,370 

2,370 

2,405 

2,320 

i 2,541 

2,440 

2,342 

2,379 

Sp. gr. of illuminants . i 

1-270 

1-245 

1-273 

1-189 

1-158 

1 1-200 

1-192 

1 04 

1-025 

1 1-382 

1-01 

1-01 

0988 


B.Th.U. was recovered as an oil gas having a heating 
value of between 1,200 and 1,300 BvTh.U, per cu. ft. from 
a gallon of oil. These results compared very favourably 
with the results of an extensive series of plant tests made 
at San Rafael, California, in May 1932 [10, 1932]. In these 
tests 11,550,000 cu. ft. of oil gas was made with an average 
heating value of 955 B.Th.U. per cu. ft. While the oil was 
cracked in the presence of some steam, an average of 
79,500 B.Th.U. was recovered as oil gas from a gallon of 
oil. The oil used at San Rafael was known as Diesel oil, 
a distillate from a California oil. Its gravity was 0*870 and 
on distillation 99% distilled up to 723° F. (384° C.). 

Summing up the effects of cracking atmospheres in the 
manufacture of carburetted blue gas, the cracking of oil 
in an atmosphere of blue gas and steam produces the 
following results [17]: 

1 . Increases the amount of hydrocarbons in the gas. 

2. Decreases the formation of lampblack and tar. 

3. Permits higher temperatures to be carried in the 
carburettor and superheater without the formation of 
excessive amounts of naphthalene and lampblack. 


When carburetted blue gas was made on a candle-power 
standard, the carburetting efficiency was expressed as 
candles per gallon. It was determined by dividing the 
gallons of oil used per 1,000 cu. ft. of carburetted blue 
gas into the candle-power of the gas. Since blue gas has 
very little or no illuminating value, the illuminating value 
of the candle-power of carburetted blue gas is due entirely 
to the oil gas. The candles per gallon, therefore, was 
a rational measurement of the carburetting efficiency. 

While blue gas has little or no illuminating value, it 
has a heating value of approximately 285 B.Th.U. per 
cu, ft. In a carburetted blue gas of 550 B.Th.U. per cu. ft. 
about 40% of the heating value is due to the blue gas and 
60% is due to the oil gas. It is apparent therefore that in 
order to determine or calculate the oil efficiency when 
making carburetted blue gas to a heating value standard 
the following data must be available : 

1 . The B.Th.U. per cu. ft. of the final carburetted blue 
gas — A. 

2. The gallons of oil used per 1,000 cu. ft. of carburetted 
blue gas— B. 
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3. The B.Th.U. per cu. ft. of blue gas— C. 

4. The cu. ft. of oil gas made per U.S. gallon of oil 
used — Z>. 

With this data, the oil efficiency can be calculated as 
follows: 

Per cent, of oil gas — BxD/1,000, 

Per cent, of blue gas — 100— (BxZ>/ 1,000). 

B.Th.U. due to blue gas — Cx % of oil gas. 

B.Th.U. due to oil — /4— B.Th.U. due to blue gas. 

Oil efficiency — B.Th.U, due to oil/B, 

This method was used for calculating oil efficiencies up 
to about 1925. Assumed values for C and D were used 
varying from 60 to 80 for D and from 290 to 300 for C. 
Since both of these factors are variables, especially Z), 
the results were nothing more than an approximation. 

Frank Wills [6, 1924], of the Pacific Gas and Electric 
Company, developed a method for calculating— from an 
analysis of the gas — the following components in oil gas 
made by the Pacific Coast Oil Gas Process: 

1. Air. 

2. Combustion products. 

3. Blue gas. 

4. Oil gas. 

Using the Wills method, it is also possible to calculate 
the composition and heating value of the blue gas and the 
oil gas. 

In 1925 the first attempt was made to apply the Wills 
method for calculating the oil efficiency in carburetted blue- 
gas operation [34]. In 1926 a Sub-Committee on Uniform 
Oil Efficiency was appointed by the Technical Section of 
the American Gas Association to study the question and 
recommend a uniform formula or method for calculating 
oil efficiencies. This Committee functioned for 2 years 
and finally recommended the adoption of the Pacific Coast 
method with the Providence modification as the official 
method for calculating oil efficiencies for straight car- 
buretted blue-gas operation with anthracite coal or coke 
[28, 1927]. In the summary of the Committee’s report of 
1927, the following statements appear: 

1. ‘The Pacific Coast Method with the Providence 
Modification is the best method for calculating oil 
efficiencies with straight water gas operation with 
coke and anthracite coal. * 

2 . ‘When using bituminous coal with the blow-run 
there arc too many variables to make it possible to 
calculate oil efficiency with any degree of accuracy by 
any known method.’ 

The Pacific Coast Method is based upon the method 
developed by Frank Wills. The following data are neces- 
sary for its application: 

1 . An average analysis of the carburetted blue gas. 

2. The average B.Th.U. per cu. ft. of the carburetted 
blue gas determined with a gas calorimeter. 

3. The gallons of carburetting oil used per 1,000 cu. ft. 
of the carburetted blue gas. 

The gas analysis is separated into four parts, as follows: 

1 . Ain The percentage of air in the gas is equal to five 
limes the percentage Oa shown in the gas analysis. 

2. Combustion Products, These are the products of 
combustion in a carburetted blue-gas machine at the end 


of the ‘blow’. They are carried forward with the car- 
buretted blue gas made during ‘the uprun’ and appear in 
the final finished gas. The combustion products consist 
of COa and Nj. Their percentages are calculated from the 
Na in the gas. The Na in the combustion products is the 
difference between the total Na shown in the gas analysis 
and four times the Og. A large number of stack gas 
analyses showed that the ratio of Nj to COa 'vas six to one 
(burning oil). The COa in the combustion products is 
therefore taken as one-sixth the calculated Na in the com- 
bustion products. The percentage of combustion products 
is the sum of the Na and COa thus calculated. (With solid 
fuel the ratio of Na to COa is four to one.) 

3. Blue Gas, This consists of CO, COa, and Hj. All of 
the CO in the carburetted blue gas is assumed to come 
from the blue-gas reaction. The COa due to the blue-gas 
reaction is the difference between the total COa in the 
finished gas and the COa in the combustion products. In 
the blue-gas reaction equal volumes of CO and Ha are 
produced and for every volume of COa produced two 
volumes of Ha are produced. The Ha due to the blue-gas 
reaction is therefore taken to be the sum of the CO plus 
2COa. The percentage of blue gas is the sum of the CO 
shown in the gas analysis and the calculated amounts of 
COa and Ha. 

4. Oil Gas, This is calculated as the difference between 
\00 and the sum of the calculated percentages of air, 
combustion products, and blue gas. 

From the percentage of CO in the final gas and the 
calculated percentage of Ha due to the blue-gas reaction, 
the B.Th.U. in the final gas due to the blue gas can be 
calculated. The difference between this B.Th.U. and the 
average B.Th.U. of the carburetted blue gas represents 
the B.Th.U. due to the carburetting oil. The oil efficiency 
is then determined by multiplying the B.Th.U., due to 
the carburetting oil, by 1,(XX) and dividing by the gallons 
of oil used per 1,0(X) cu. ft. of carburetted blue gas. 

The Providence Modification is a correction of the 
calculated B.Th.U. due to the blue gas for the presence of 
a small amount of CH4 in blue gas made from coke. Blue 
gas thus made contains about 1 % of CH4. L. E. Knowlton 
[27, 1925] of the Providence Gas Company, Providence, 
Rhode Island, found that when making straight blue 
gas the actual heating value as determined with a gas 
calorimeter averaged about 8 B.Th.U. higher than that 
calculated as above. He suggested, therefore, that the 
calculated heating value of the blue gas be corrected by 
adding to it an amount equal to the calculated percentage 
of blue gas times 8 divided by 100. 

Pexton [25, 1929] has shown that blue gas made from 
coke contains Hj liberated from the coke which amounts 
to 2*6% more than that calculated from the percentages 
of CO and CO2. This would increase the heating value 
of the blue gas by about 3%. Pexton also points out that 
the percentage of blue gas can be calculated by an O2 
balance, thereby eliminating the calculation of combustion 
products. By the O* balance method one-quarter the Na 
found by analysis in the carburetted blue gas is taken as 
Og supplied by air. This amount of O2 subtracted from the 
total free and combined Og in the gas is the O2 derived 
from steam. The volume of Hj in the blue gas is twice 
the volume of Og from the steam. From the percentage of 
CO in the finished gas and the calculated Ha in the blue 
gas, the heating value due to the blue gas can be calculated. 
To this calculated heating value may be added an allowance 
for both the CH4 and the H* from the coke. 
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The following is a list of the data which it is possible 
to determine by the Pacific Coast Method: 

1. Per cent, of air in finished gas. 

2. Per cent, of combustion products in finished gas. 

3. Per cent, of blue gas in the finished gas. 

4. Per cent, of oil gas in the finished gas. 

5. Heating value of blue gas. 

6. Heating value of oil gas. 

7. B.Th.U. in finished gas due to blue gas. 

8. B.Th.U. in finished gas due to oil gas. 

9. B.Th.U. imparted to finished gas per U.S. gallon 
of oil used. 

10. Cu. ft. of oil gas made per U.S. gallon of oil. 

11. Per cent, of steam decomposed. 

1 2. Pounds of carbon used per 1 ,000 cu. ft. of carburetted 
blue gas, exclusive of carbon used during the blowing 
period. 

13. The extent of H, absorption or formation in the oil- 
cracking process. 

The method is also valuable in comparing the operating 
results of different gas plants. 

Mention was made of the inability to use the Pacific 
Coast Method when a blow-run is used. A blow-run is 
a modification in the operation of a carburetted blue-gas 
machine. At the end of the blow period the air entering 
the crossover connexion between the generator and car- 
burettor is shut off and the stack valve is closed. Air 
continues to enter the bottom of the generator, passes up 
through the fuel bed and forms a low-grade producer gas. 
This gas passes through the carburettor, superheater, and 
wash-box into the relief holder, where it mixes with car- 
buretted blue gas. This operation continues for only a 
few seconds. 

An air purge is frequently used. It is made at the end 
of the make period just before going on to a blow. After 
shutting off the steam entering the bottom of the generator 
for the final short uprun of the make period, air is intro- 
duced into the bottom of the generator. It passes up 
through the fuel bed and into the relief holder the same 
as in the blow-run. This operation is usually shorter than 
the blow-run. Its object is to purge the machine of the 
blue gas remaining in it from the final short uprun of the 
make period. 

Both the blow-run and air-purge gas contain a large 
percentage of N,, some CO 2 , and CO. The finished car- 
buretted blue gas, therefore, contains appreciable amounts 
of these gases which cannot be classed as air, combustion 
products, or blue gas. It is for this reason that the Pacific 
Coast Method cannot be used for calculating oil efficiency 
when either a blow-run or air-purge is used in the manu- 
facture of carburetted blue gas. 

When bituminous coal is used in the generator of a 
carburetted blue-gas machine, either straight or mixed 
with coke, about 58% of the coal gas liberated is recovered 
in the finished carburetted blue gas [22, 1926]. It con- 
stitutes about 7*8% by volume of the finished gas and 
contributes about 8-4% of the heating value of the finished 
gas. This fact, together with the fact that a blow-run is 
usually used with bituminous coal operation, makes it 
impossible to use the Pacific Coast Method for calculating 
oil efficiencies. 

The oil efficiencies obtained with normal carburetted 
blue-gas operation will average about 105,000 B.Th.U. 
per U.S. gallon with gas oil and about 90,000 to 95,000 
B.Th.U. with fuel oil. 


Believing that the ratio between the ^rcentages of 
saturated and unsaturated hydrocarbons, as determined 
by a gas analysis, is an indication whether an oil is being 
cracked at its maximum efficiency in a carburetted blue- 
gas machine, a study of this subject was made [35, 1934]. 
If such a ratio is constant or very nearly so, when an oil 
is cracked most efficiently the operation of a carburetted 
blue-gas machine can be checked by calculating such a 
ratio. If the ratio is less than that for the maximum 
cracking efficiency it will indicate that the oil is insufficiently 
cracked. If the ratio is greater, the oil is overcracked. The 
former indicates low-cracking temperature while the latter 
indicates excessive temperature. The results of this study 
indicate that the ratio between the proportions of saturated 
and unsaturated hydrocarbons in the oil gas is no criterion 
for determining the efficiency at which an oil is being 
cracked in a carburetted blue-gas machine. 

Evaluation of Carburetting Oils [ 18 ]. 

While a plant test really gives the final answer in evaluat- 
ing an oil, the desirability of laboratory tests which will 
give some indication of the plant results that may be ex- 
pected has been recognized. Considerable work has been 
done on the development of such laboratory tests. These 
tests may be classed as : 

1. Chemical. 

2. Distillation. 

3. Cracking. 

Chemical tests are the determination of the percentages 
of the various groups of hydrocarbons such as unsaturates, 
aromatics, and naphthenes and paraffins. The expected 
efficiency is then computed from factors assigned to the 
different groups of hydrocarbons [31, 1927-30]. 

These tests are usually applied to ordinary gas oils. 
When attempts are made, however, to apply them to the 
asphaltic fuel oils and cracking still residues, it has not 
bc^n definitely determined whether to make them on the 
original oil as received, or the distillate obtained from it. 
If a distillate is used, should it be obtained by distilling 
up to the temperature at which cracking begins, or by 
distilling to a coke residue. 

The amount of an oil distilling up to 600'" F. gives some 
idea of its carburetting value. The portion distilling below 
600"" F. is more valuable for gas-making purposes than 
that distilling above 600"* F. If a considerable portion of 
the oil distils above 600'’ F., the higher the specific gravity 
of this portion the lower the carburetting value of the 
oil [26, 1930]. 

The laboratory cracking test is an attempt to reproduce 
on a small scale the temperatures and other conditions 
under which the oil is gasified in plant operation. Downing 
and Pohlmann [4, 1916] were the first to develop such a 
test. Their apparatus with slight modifications is the one 
commonly used. The oil is gasified in a heated steel pipe 
in an atmosphere of blue gas. The carburetted blue gas 
passes through condensing and purifying apparatus, is 
measured and stored in a small holder from which it is 
sampled for analysis and other tests. 

Murphy [23, 1930] introduces water into the cracking 
tube in order to gasify the oil in an atmosphere of blue 
gas and steam. This reproduces more nearly the conditions 
existing in the plant apparatus where excess steam, as well 
as blue gas, is always present in the carburettor and super- 
heater. 

Dick [3, 1933] developed a laboratory cracking furnace 
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for heavy oils and gas oils. The oil is automatically fed 
into a vertical tube and cracked in an atmosphere of 
hydrogen. 

The results of laboratory cracking tests show: 

1. The B.Th.U. recovered in the gas per gallon of oil. 

2. The cubic feet of oil gas produced per gallon of oil. 

3. The heating value of the oil gas produced. 

Such tests are usually made at two or more different 
temperatures in order to obtain an idea of the optimum 
operating temperature. While a fair degree of accuracy can 
be obtained in a laboratory cracking test, it is not to be 
expected that the results will be exactly duplicated under 
plant conditions. They do give valuable indications of the 
carburetting values, and when used by a person experienced 
in translating them they show quite accurately the relative 
values of different oils and also serve as a guide to the 
proper operating conditions for obtaining the best results 
with a given oil. 

Refinery Oil Gas. 

The development of oil-cracking processes for the pro- 
duction of gasoline has resulted in the production of a 
large volume of high-heating value oil gas by a by- product. 
While this gas is generally used for fuel purposes in oil 
refineries, at times it can be replaced with other fuels and 
the oil gas sold to gas companies for use in the manufacture 
of city gas. 

Fig. 3 is a material flow sheet for the U.G.I. Reforming 
Process. Where refinery oil gas is used for such purposes, 
part of it is reformed and part is used for cold enrichment. 
The reforming is done in a standard three-shell carburetted 
blue-gas machine with a process developed by the United 
Gas Improvement Company. The oil gas, together with 
steam, is passed through the incandescent fuel bed in the 
generator. The gas produced by this reforming process 
closely resembles coal gas. While a considerable amount 
of lampblack is actually formed in the process, the opera- 
tion is so controlled that practically none of it is carried 
forward with the reformed gas [29, 1930-1]. 

Low-gravity Carburetted Blue Gas. 

For mixing with coal gas it is frequently desirable to 
make a carburetted blue gas having a lower specific 
gravity than that made with normal operation which is 
about 0-65. Such a gas is made by the Low Gravity Water 
Gas Process [37, 1927-30]. 

An oil spray is installed in the top of the superheater of 
a carburetted blue-gas machine equipped for backrun 
operation. During the backrun portion of the operating 
cycle oil and steam are introduced into the top of the 
superheater. In passing down through the superheater and 
up through the carburettor the oil is gasified. The oil gas 
and steam then pass down through the incandescent fuel 
bed in the generator. The steam forms blue gas and oil 
gas is reformed or cracked from about 1,200 B.Th.U. per 
cu. ft. to about 500 B.Th.U. In the reforming, considerable 
hydrogen is made, thereby increasing the percentage of 
hydrogen in the finished gas and reducing the specific 
gravity. This process, known as the Willien-Stein Process, 
is controlled by the United Gas Improvement Company. 

Fuel or Bunker C Oils [30, 1924-34]. 

In the use of fuel or bunker C oils for carburetting pur- 
poses in the manufacture of carburetted blue gas, a portion 
of the oil is reformed by spraying it into the top of the 
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generator during the backrun. Very few or no checker 
bricks are used in the carburettor. During the uprun, in 
some instances, oil is introduced into the tops of both the 
generator and carburettor. The reason for doing so is to 
prevent excessive deposits of coke on the checker bricks. 



Fig. 3. Material flow sheet for U.G.I. refinery oil-gas 
reforming process. 


If sprayed into the top of the generator the coke is deposited 
on the fuel bed and finally gasified along with the generator 
fuel. The oil sprayed into the top of the carburettor, with 
very few or no checker bricks, is vaporized and the coke is 
deposited in the bottom of the carburettor, the crossover 
connexion, and the bottom of the superheater. The 
accumulated coke is removed periodically. 

Oa Gas — Pacific Coast Process 

The production of oil gas has been largely limited to 
the Pacific Coast. Lack of supply of solid fuels such as 
coal or coke, except at prohibitive prices, and the existence 
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of an abundant supply of petroleum in Southern Cali- 
fornia led to the development of the Pacific Coast Oil Gas 
Process. 

The early oil-gas process patents were issued in 1889 
to L. P. Lowe, son of Prof. T. S. C. Lowe, who invented 



the carburetted blue-gas process. While some small Lowe 
crude oil water-gas generators were built in the nineties, 
it was not until the first decade of 1900 that large machines 
were built. The improvements in the process that made 
large units practicable were due in part to E. C. Jones, for 
many years Chief Engineer, Gas Department, of the Pacific 
Gas and Electric Company; and the most generally used 
two-shell oil-gas generator bears his name. Further im- 
provements were made by his son, L. B. Jones. 

The oil-gas process is similar to the carburetted blue- 
gas process in that it is an intermittent process consisting 
of alternate heating- and gas-making periods, blow and 
run. No solid fuel is used, only oil and steam. 

Two types of oil-gas machines are used: 

1 . The single-shell straight-shot machine. 

2. The two-shell Jones machine. 

Single-shell Machine. Fig. 4 shows a single-shell 
straight-shot machine. It is a cylindrical steel shell lined 
with fire brick. On the bottom across the centre of the 
generator is a brick wall from which arches are sprung 
to the side walls which carry the checker brick. The space 
under the checker brick arches constitutes an offtake cham- 
ber as well as a combustion chamber. There are two air- 
inlet connexions to the combustion chamber above which 
connexions are two nozzles for the heating burners. The 


gas offtake connexion is also at the bottom between the 
air connexions. It is brick-lined into the wash-box. There 
is a slack valve at the centre of the top. From 12 to 24 
oil sprays enter the shell just below the tiled crown, which 
is made as flat as possible to obtain the maximum amount 
of vapour space between the sprays and checker brick. 

There are several sizes of single-shell machines used. 
The largest ones having a rated capacity of 5 to 6 million 
cubic feet of gas per day are 27 ft. in diameter and 43 ft. 
3 in. high. They contain from 70,000 to 85,000 checker 
bricks. 

Two-shell Jones Machine (see Fig. 5). It consists of two 
cylindrical steel shells lined with fire bricks, and carrying 
checker bricks on refractory arches. The two shells are 
known as the primary and secondary generators. The 
largest machines, with a rated capacity of 5-6 million 
cubic feet of gas per day, have two 18 ft. 9 in. diameter 
shells. The primary generator, with a blast inlet on top, is 
from 47 ft. 7 in. to 49 ft. high, and the secondary generator, 
with the stack valve on top, is from 57 ft. 4 in. to 63 ft. high. 
There are five sections of checkerwork, two in the primary 
generator and three in the secondary. These sections 
contain a total of from 46,000 to 52,000 checker bricks. 

On the bottom, across the primary generator, are a 
series of brick piers joined by tiles, upon which are sup- 



ported the checker bricks of the primary making chamber 
(about 17,000 checker bricks). Above these checker bricks 
a series of arches is sprung from wall to wall which carry 
about 4,(XX) checker bricks and form the primary super- 
heater. 
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The secondary generator also has a row of bottom piers 
supporting about 12,000 checker bricks which constitute 
a fixing section for the gas produced in the primary 
generator. Between the top of these checker bricks and the 
first series of arches is the gas offtake chamber, containing 
the outlet to the wash-box. This set of arches supports the 
checker bricks (about 17,000) of the secondary make 
chamber. Above this section is a second set of arches 
supporting the checker bricks (about 4,000) of the secondary 
superheater. All checker bricks are arranged in flues, not 
staggered, with approximately 3-in. spacing. 

An air-blast connexion is made to a tee on top of the 
primary generator, and a secondary air connexion is made 
at the base of the secondary generator. At the top of the 
primary generator and encircling it are 8 heating oil sprays 
and 4 steam no 2 :zles. Each making chamber is encircled 
with 14 make-oil injectors. All oil is injected with steam 
atomizing sprays. (No atomizing sprays have been used 
successfully.) 

Outline of Process. As previously stated, the oil-gas 
process is similar to the carburettcd blue-gas process in 
that it consists of alternate heating and gas-making periods. 
In the carburetted blue-gas process, a producer gas is 
made by blasting a bed of solid fuel, thus raising its 
temperature, and then burning the producer gas with 
secondary air in the carburettor and superheater checker 
brick. In the oil-gas process heat storage is entirely in the 
refractory walls, arches, and checkerwork. 

The same oil is used for both heating and gas making. 
It is a refinery residuum oil of an asphaltic base, the 
gravity of which ranges from 16 to 19'' API. Upon dis- 
tillation, about 60% distils between 662 and 752"' F. with 
up to 8% coke residue. The sulphur content is from 0-7 
to 1-7% by weight. 

Single-shell Machine. The operating cycle varies from 
30 to 36 min. The heating period is about 30% of the 
cycle and the make period about 70 '/o. The blasting and 
heating is upward and the gas making downward. 

The blow is generally divided into a dry blast followed 
by oil with blast. 

The dry blast constitutes between 25 and 30% of the 
heating period. It consists in blowing air up through the 
checker brick for burning off the carbon deposited from 
the previous run. 

The oil with blast follows the dry blast during which 
oil is introduced into the combustion chamber at the 
bottom of the generator. The hot gases from the com- 
bustion of the oil pass up through the checker bricks and 
store heat in them. 

The run is divided into three periods: 

1. Oil injection which constitutes about 64% of the 
run. In this period oil is introduced into the top of 
the generator with steam used for atomization. The 
steam and oil pass down through the hot checker 
brick; the oil gasifies and with the steam leaves the 
generator through the gas offtake connexion at the 
bottom and passes through tlie wash-box. 

2. Standing purge which constitutes about 12% of the 
run. After shutting off the oil, steam continues to 
enter the generator through the oil sprays at the same 
rate at which it is used for atomization during the 
oil injection. 

3. Scavenging purge which constitutes about 24% of the 
run. During this period the steam pressure on the 
oil sprays is increased or additional steam is passed 
through the generator from an auxiliary steam nozzle. 


Two-shell Machine. The operating cycle with a two-shell 
Jones Machine may be 16-20 min. It is equally divided 
between the blow and run. 

The blow consists of a dry blast and oil with blast. 

The dry-blast period is between 40 and 45 % of the blow. 
Primary air is introduced into the top of the primary 
generator and secondary air at the base of the secondary 
generator. The blast gases leave the machine through the 
stack valve at the top of the secondary generator. 

During the oil with blast period, oil is introduced into 
the top of the primary generator. The hot gases from the 
combustion of the oil pass down through the primary 
generator, up through the secondary and out through the 
stack valve. If needed, secondary air is introduced at the 
base of the secondary generator. 

The run is divided into three periods: 

1. Tempering period, which amounts to about 5% of 
the run. Steam is introduced at the top of both the 
primary and secondary generators and at the base 
of the primary generator for cooling all sprays and 
burners. 

2. Oil-injection period which is about 70% of the run. 
Oil is introduced through the make-oil sprays just 
above the primary and secondary make chambers. 
Steam is introduced at the top of the primary and 
secondary generators. It is superheated as it passes 
down through the superheaters located above the 
make chambers. The make-oil and superheated steam 
pass down through the make chambers in both 
generators where the oil is gasified. The gases leave 
the machine through the gas offtake connexion to the 
wash-box. If necessary, for cooling purposes, addi- 
tional steam is introduced at the base of the primary 
generator. 

3. Purge period is about 25 % of the run. After the 
make-oil is shut off, the introduction of steam at the 
top of both generators continues. It is superheated 
in passing down through the superheaters and make 
chambers. While passing through the make chambers 
the superheated steam reacts with the carbon and 
coke deposited on the checker brick and forms blue 
gas. 

With both single and two-shell machines steam is passed 
through all the oil sprays continuously as a cooling 
medium. The amount of steam is increased when oil is 
passed through the sprays in order to atomize the oil. 

The following are normal temperature ranges of the 
refractory parts of the two types of machines: 


Single Shell: 

Arches .... 
Middle checkers 

Two-shell Jones: 

Primary superheater . 

Primary make chamber 
Bottom of secondary generator 
Secondary make chamber . 
Secondary superheater 


^ F. 

1 , 800 - 2,200 

1 , 800 - 2,000 


1 , 900 - 2,100 

1 , 650 - 1,750 

1 , 400 - 1,500 

1 , 550 - 1,650 

1 , 350 - 1,450 


The temperature of the gases at the gas offtake con- 
nexion may range from 1 ,400 to 1 ,600° F. 

From the wash-box the gases pass through a scries of 
scrubbers in which the tar, lampblack, and naphthalene 
are removed before entering a relief holder. From the 
relief holder the gas is pumped through purifiers in which 
hydrogen sulphide is removed, and then into a storage 
holder. 

With a single-shell machine approximately 8-5 U.S. gal. of 
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total oil is used per 1,000 cu. ft. of 550 B.Th.U. oil gas 
made. About 14% of the oil is used for heating and 86% 
for making. A two-shell machine uses about 7-5 U.S. gal. of 
total oil per 1,000 cu. ft., of which about 12% is used for 
heating and 88% for making. 

The generators arc generally equipped with base metal 
pyrometers, the thermocouples of which are located in 
the several chambers. Due to the high temperatures and 
the coating of the fire ends with carbon which acts as an 
insulating material, the value of pyrometers for tempera- 
ture control is limited. The principal methods for tempera- 
ture control are: 

1 . The inspection of the brickwork through sight cocks 
located at various points on the machine. 

2. The appearance of the lampblack in the wash-box and 
scrubber overflows. 

3. The temperature of the gas leaving the machine. 

Gas produced. 

The gas produced by the Pacific Coast oil-gas process 
is a mixture of blue gas and oil gas, the latter resulting from 
cracking oil at a high temperature. Most of the oil-gas 
operation is to produce a heating value of from 550 to 
570 B.Th.U. per cu. ft. Such a gas contains approximately 
25% blue gas and 75^/o oil gas. Carburetted blue gas of 
the same heating value contains approximately 80% blue 
gas and 20% oil gas. 

The gas is very similar to coal gas made in coke ovens. 
The following are typical analyses of the oil gas made with 
a single and two-shell machine and coal gas made in a coke 
oven: 



Two-shell 

Single shell 

Coke oven 

CO. ... . 

4-85% 

2 06% 

1-5% 

Ills 

3-67% 

2-99% 

4-1% 

o. 

0-65% 

0 57% 

0 7% 

CO .... 

10-57% 

8-44% 

50% 

H, .... 

49-35% 

52-83% 

52-4% 

CH 4 .... 

25-40% 

30-56% 

28-3% 

N, .... 

5 47% 

2-56% 

80% 

B.Th.U. per cu. ft. . 

548 

566 

548 

Sp. gr 

046 

038 

040 


Depending upon the oil used and the heats carried, the 
oil gas leaving the wash-box contains from 150 to 350 
grains of hydrogen sulphide per 100 cu. ft., 20 to 60 grains 
of organic sulphur, and 150 to 600 grains of naphthalene. 

Reactions of Gas-making Period [19]. 

The reactions which take place during the gas-making 
period when steam and oil arc simultaneously brought into 
contact with hot checker brick are very complex and, as in 
the case with the gasification of oil in the carburetted blue- 
gas process, many of them arc unknown. The oils used 
are generally asphaltic base oils so that the hydrocarbons 
present are mainly of the naphthene and olefine scries. 

In addition to the reactions for the formation of hydro- 
gen, hydrocarbons, and free carbon or lampblack, by 
decomposition of the oil, there are two classes of reactions 
in which steam takes part: 

1 . The coke residue from the distillation of the make-oil, 
and part of the carbon or lampblack formed by the 
decomposition of the oil, are deposited on the 
checker brick. Steam reacts with these carbon 
deposits, and forms blue gas. Steam may also react 
to some extent, to yield blue gas, »/ith the lampblack 
formed in the cracking of the oil. Experiments [36, 


1929] have indicated, however, that such a reaction 
between the steam and lampblack at temperatures 
up to 1,960" F. does not occur to any appreciable 
extent. 

2. Steam may react directly with the hydrocarbons of 
the gas and oil vapours. The mechanism of these 
reactions has not been definitely fixed, but there is no 
doubt that carbon monoxide, carbon dioxide, and 
large amounts of free hydrogen are formed by them. 
It is possible that there may also be reactions between 
carbon dioxide and hydrocarbons of the gas and oil 
vapours with formation of carbon monoxide and 
more hydrogen. 

Control of Carbon or Lampblack. 

The carbon or lampblack formed by the decomposition 
of the make-oil, that is, not deposited on the checker brick, 
is carried out of the machine entrained in the gas. The 
carbon thus entrained with the gas is removed in the wash- 
box and scrubbers. The amount of this carbon recovered 
varies from 13 to 22 lb. per 1,000 cu. ft. of oil gas produced. 
More carbon is produced with a single-shell machine than 
with a two-shell machine. 

The theoretical accumulation of carbon on the checker 
brick amounts to from 3-50 to 3-75 lb. per 1,000 cu. ft. 
of oil gas made. Some of this is blown out of the machine 
in the form of unburned carbon, and the balance remains 
to be burned out during stand-by periods, or partially used 
in making blue gas. 

The best results in carbon control are obtained by making 
the greatest amount of blue gas, and by obtaining the 
greatest consumption of carbon during the blowing and 
heating period. A sacrifice in efficiency may be made by 
using excess air to accomplish this greatest carbon con- 
sumption, and the point where efficiency, carbon control, 
and smokeless stacks are obtained must be determined for 
each plant. 

Using a better grade of oil, such as a distillate, gas oil 
will eliminate excessive carbon deposits on the checker 
brick. Such an oil is considerably more expensive than the 
residuum oil used in the oil-gas process. 

The lampblack removed from the gas is usually pro- 
cessed to reduce the moisture content to about 50%. It 
is then burned under boilers simply as a means of disposal. 
One gas company briquettes the lampblack and sells it 
for domestic heating purposes. 

New Process of Oil-gas Production [20] 

L. B. Jones developed an improved oil-gas process in 
1928 in which both the lampblack and the tar are converted 
into gas. This new process combines in one apparatus the 
following operations: 

1. Cracking the oil in the presence of blue gas and 
superheated steam. This operation is similar to the 
carburetted blue-gas process. 

2. Separating the lampblack physically by filtering the 
gas through a suitable filter bed. 

3. Forming producer gas by blasting the lampblack with 
air, with or without steam, and using the producer 
gas instead of oil for heating the apparatus. 

4. Converting the remaining lampblack into blue gas 
by treating with steam after bringing it to incan- 
descence by the blasting, as outlined in no. 3, and 
using this blue gas and steam as the atmosphere for 
gasifying the oil. 



OIL GAS 


2515 


Fig. 6 is a sketch of the apparatus. The generators are 
similar to a two-shell Jones Oil Gas Machine, except that 
both shells are the same height and each has a stack valve 
on the top. Each shell contains two sections of checker 
brick, one of which is a make chamber, while the other 
is a superheater. There is an oil spray just above the 


Oil 


Sprays 

[Mdk€) 



Wash 

Box 


filter filter WasK 

Producer Generator Pf oduccr Box 

Fig. 6. Jones new process machine. 


make chamber of each shell. Gas offtake connexions 
between the superheaters and the make chambers connect 
with the tops of two filter producers. Each filter producer 
has a gas offtake near the bottom, as well as steam and 
primary air inlets. 

The filter producers contain a rotary ball grate, the details 
of which are shown in Fig. 7. The centre of the grate is 
rotated continuously, and since it is not truly conical, its 
rotation produces a slight wave motion as well as a rolling 
motion in the refractory spheres which rest upon it. 

The gas offtakes of the filter producers arc connected 
to two wash-boxes. A conical disk valve is used at the 
bottom of the dip-pipe in each wash-box. 


Operation of Process. 

With the left wash-box valve and stack valve of the left 
generator closed, primary air, with or without steam, is 
blown up through the left filter producer in which there is 
a layer of lampblack upon the refractory spheres. Producer 
gas is formed which passes over into the left generator. 
Secondary air enters the top of the left generator and 
passes down through the superheater. The producer gas 
and superheated secondary air meet. The hot products of 
combustion pass down through the left generator, up 
through the right generator, and leave through the stack 
valve at the top of the right generator. When the lamp- 
black fuel bed in the left filter producer and the checker 
brick in the generators are heated to the proper temperature, 
the gas-making period is started. 

The primary and secondary air valves on the left and 
the stack valve on the right are closed. Steam enters the 
left filter producer, passes up through the bed of incan- 
descent lampblack, and forms blue gas. The blue gas 
and superheated undecomposed steam pass into the left 
generator, where they meet a spray of oil. The oil is cracked 
in an atmosphere of blue gas and steam by the hot checker 
brick of the make chambers in the two generators. The 
gases pass from the right generator into the top of the right 
filter producer, down through a layer of lampblack and 
the refractory spheres, and over through the wash-box. 
The temperature of the lampblack in the right filter pro- 
ducer is below the critical temperature for the decomposi- 
tion of the oil gas, and acts as a mechanical filter. The 

lampblack suspended in the gas is deposited on this filter 
bed. 

IV 


When the desired amount of oil has been introduced 
into the left generator, the make cycle is brought to an end. 
The left steam is turned off and the dip-pipe valves in the 
wash-boxes are reversed, the right being closed and the 
left opened. Steam and then primary air are introduced 
below the rotary grate of the right producer filter, purging 
the gas from the right filter producer and in turn from the 
right and left generators. The left stack valve is raised 
before any of the products of combustion have passed to 
the left filter producer and wash-box. Thus a new cycle 
proceeds from right to left. 

The formation of oil gas in this process makes applica- 
tion of the principles previously discussed. The tar formed 
passes through the filter bed as vapours and is recovered 
in the condensing and scrubbing equipment. It resembles 
carburetted blue-gas tar. 

The coke formed from the lampblack in the fuel bed 
is coarse and porous, with very little strength. 

At the time the development of this process was com- 
pleted, extensive natural gasfields were discovered in 
California. The spread of the use of natural gas led to the 
suspension of oil-gas operations in much of that territory. 



For that reason this process has not been used on a com- 
mercial scale on the Pacific Coast. The only commercial 
use of this process is at Honolulu, Hawaii, by the Honolulu 
Gas Company, Ltd. Operating results that have been 
obtained show a consumption of 6-072 total U.S. gallons of 
oil used per 1,000 cu. ft. of 518-B.Th,U. gas. 

Da>ton Oil-gas Process [21, 1921-35] 

Dayton oil gas is a mixture of oil gas and producer gas 
made simultaneously. 

In theory the process is very simple. Oil is atomized with 
a limited amount of preheated air into a hot retort or 
generator. The combustion of part of the oil furnishes heat 
to crack the rest of the oil into permanent gases. 

Fig. 8 shows the improved Dayton generator. It con- 
sists primarily of a steel shell lined with refractory material. 
The reaction chamber is cylindrical in shape with a cone 
top. The preheated air and atomized oil are admitted 
through a heavy steel feed-tube that extends from the top 
of the generator to a point a few inches above its floor. 
No external heating is employed, the reaction being main- 
tained by partial combustion of the oil. 

The hot gas formed in the generator is withdrawn from 
the top through a horizontal heat exchanger in which the 
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entering air is heated to about 700 F. The gas is cooled 
by a water spray in the top of the down-comer, and passes 
through a wash-box into scrubbers and finally into a holder. 
A stack valve is provided for venting the flue gases to the 
atmosphere during the heating period. 

The heating value of the gas made is determined by the 
ratio of input air to oil. The greater this ratio, the higher 



is the reaction temperature and the lower the heating value 
of the gas. As the generator temperature increases from 
1,350 to 1,650' F., the heating value decreases from 500 
to 300B.Th.U. 

No lampblack is made in the Dayton process. The 
tar production varies with the reaction temperatures. It 
ranges from 8 to 20 of the oil used. The tar is very fluid 
and has a specific gravity of approximately 1 . 

The gas made requires no sulphur purification. Most of 
the sulphur in the oil is oxidized to water-soluble com- 
pounds, which arc washed from the gas in wet scrubbers. 

The oil used is a light fuel oil of from 33 to 38' API. 
gravity. 

Table VII shows the oil requirements, gas analyses, and 
efficiencies of Dayton oil gas of various heating values. 

Table VII 

Oil Requirements, Efficiencies, and Analyses of Dayton 
Oil Gas of various Thermal Values 
Amer. Gas Assoc. Proc. 1364 ( 1930 ) 


B.Th.U. per cu. ft. . 

300 

350 

4(X) 

450 

500 

Generator temperature, F. 

1,650 

1,575 

1,500 

1,425 

1,350 

Gas analyses, % volume: 

CO, . . 

3-60 

4-60 

5-40 

5-90 

6-10 

Illuminants 

6-60 

9-20 

1200 

14-50 

15-90 

O, 

0-50 

0-50 ; 

0-50 

0-50 

0-50 

CO . 

11-40 

10-10 , 

8-70 

7-20 

5-50 

H, 

12-00 

6-60 

3-90 

2-50 

1-50 

CH, 

10-80 

8-60 ! 

7-60 

7-60 

8-70 

N, . . 

Sp. gr 

35-10 1 60-40 ; 

61-90 

61-80 

61-80 

0-85 

0-94 ; 

1-00 

1-02 

1-03 

Penn, light fuel oil:* 


! 




U.S. gal. per 1,000 cu. ft. . 
Cu. ft. producer gas per 

2-67 

3-15 ; 

3-65 

4-10 

4-62 

U.S. gal. . . . 

264 

252 ' 

210 

184 

160 

Cu. ft. oil gas per U.S. gal. 

no 

78 

64 

60 

56 

B.Th.U. in gasper U.S. gal. 

112,500 

i 

109,500 


108,000 

Efficiency, % . 

82 

81 1 

80 


79 

Average light fuel oil ;t 


i 

i 

i 


Gal. per 1,000 cu. ft. 

Cu. ft. producer gas per 

2-68 

3-20 i 

1 

3-81 1 

4-60 


U.S. gal. 

264 

236 1 

200 i 

164 

! •• 

Cu. ft. oil gas per U.S. gal. i 

no 

76 i 

61 1 

53 


B.Th.U. in gasper U.S. gal. < 

112,000 


105,000 



Efficiency, % . 

80 

78 1 

75 ' 

70 


Tar, gal. per 1,000 cu. ft. . 

0*12 

0-24 ; 

0-36 

I 0-48 

1 0-60 


• Penn, light fuel oil, 38“ API.— 137.000 B.Th.U. per U.S. gal. 

1 Average Ught fuel oil. 38“ API.— 140,000 B.Th.U. per U.S. gal. 


Its high specific gravity is largely the deterrent factor 
in the extensive use of Dayton oil gas by the manufac- 
tured-gas industry, particularly for mixing with any of the 
common types of manutactuicd gas. 

Etticiencies of Various Gas Processes 

The overall thermal eflkiencies of the various gas- 
making processes are very high. I'hey vary from 70 to 

86 "o. 

Coal Gas. 

In 1926 7 heat-balance tests were made on four ditfercnt 
types of coal-carboni/ation equipment. These tests were 
made by the ( hemistry Department of the Massachusetts 
Institute of Technology under the direction of the Car- 
bonization C ommittee of the American (ias AsscKialion. 
The period of each test was 30 da>s in which a uniform 
grade of coal was used. The types of carbonizing equip- 
ment tested were: 

1. By-product coke oven. 

2. Horizontal retorts. 

3. Intermittent vertical retorts. 

4. Continuous vertical retorts. 

A summary of the results is as follows [8], 



//i- 

piiuiiu ! 

H>>n- 

Inti-r’ 

nuUi'nt 

t itn- 

hnuous 


iokc 

jontiil 

Ycriu ill 

\<rncal 



niorfs 

rcftirfs 

retorts 

Heat input : 



\ 

“a 

In coke 

1 125 

9-37 

i: 09 

10 93 

In Coal 

hS07 

89 3 3 

86-93 

87-72 

In steam 



0 07 

0 89 

Other Items 

0 68 

130 

0 91 

0-46 

Heat output 

UK) (K) 

UK) IK) 

KK) 00 

100-00 

Coke made . 

55 70 

56 20 

56 30 

55-62 

Gas made 

20 25 

:0-72 

18-76 

23 60 

Tar made 

5 87 

5 81 

5 70 

6 97 

Total for three major products 

81 82 

8:-73 

80 76 

86 19 

Miscellaneous: 

Cu ft. of gas per lb. co.il 

5 66 

6 06 

5 67 

7-15 

B.l h.U. per cu. ft. 

57^ 

542 

540 

530 

B.Th.U. i’*er lb. coal 

3.:-n 

3.280 

3,065 

3,790 

U..S. gal. dry tar per ti>n dry co.il 

12 40 

n f>o 

n 40 

14-60 

Coke yield as "o of co.il carhom/cd 

70-20 

68 60 

70-70 

7000 

Ratio of heat output in form «>f coke, 
gas, and tar, and heal input m form 

of coal 

‘>2 00 

92 62 

92 90 

98 26 

B.Th.U. for carboni/.iiion per Ib. 
coal, including credit for waste heat 

steam pri>duced . 

1.^20 

1.420 

I.4K5 

f 9«S 

Lb. producer coke per ton coal car- 
bonized 

292 

229 

318 

1 1,127* 

275 

Lb. of steam from and at 212 1 . per i 

lb. producer fuel in waste heal boiler 

OVj 

I 14 

1-96 

5-74 

Lb, ammonia (NH,) per ton coal 

6-36 

4 92 

5-94 

3-38 


• If steaiT) to retort is included. 

In fairness to the operation of the intermittent vertical 
retorts it should be stated that 75 ;,, of the retorts in the 
battery tested had been in operation about 8 years at the 
time of the tests, whereas the by-product coke ovens had 
been in operation 2 years, the horizontal retorts 4 years, 
and the continuous vertictil retorts only a few months. 

Carburetted Blue Gas. 

No authentic heat-balance test has been made in the 
U.S.A. on a modern three-shell carburetted blue-gas 
machine. The following results, however, were obtained 
in an actual plant. Test A was with regular gas oil while 
tests ‘B’ and ‘C’ were with bunker oil with some reform- 
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ing by passing it through the fuel bed. There was more 
reforming in Test ‘C ’ than Test ‘B’. 



7e.\r ‘ ,4 ’ ' 

7V'r/ ‘77’ 

Tt U *C ’ 

Inpul. 

1. Cicneralor Tuel, Ih. per 1,000 cu. ft. 

27 65 

16-24 

12-52 

B.Th.U. per lb. . 

11,6H0 

13,100 

13.100 

2. Oil, U.S. Kul. per l.tXX) lu. ft. 

, 2-yH 

4-51 

4-22 

H. I h.U. i>er U.S. K.tl. 

I45.K(K) 

1 50.800 

151.400 

PriKcss steam, lb per 1.000 cu. ft. 

5 1 HO 

25-KO 

20-20 

B.Th.U i>er lb. 

1,120 

1,120 

1,120 

Output 

1 . (ias. B.T h U. pet cu. ft. 

530 

536 

529 

2. lar, U.S. gal. per I.OIK) ^u. ft. 

0-70 

1-37 

0-78 

B. rh.U. per U.S. ^.il. 

143,500 

161,000 

170,500 

J. Orip t)il, U.S. gal. per 1,000 cu. ft. 

003 


004 

B. I It. U. per U.S. gal. . 

13H.(K)0 


120,500 

4. VS'aste heat boiler steam. 

I.b. per 1 .000 cu. ft. 

1800 

18-00 

18 00 

B T h U. i>cr lb. 

1,172 

1,172 

1,172 

He (It bdlunccy "a 

Input ; 

1. Cicneralor fuel 

30-50 

2310 

19-00 

2. Oil 

53-30 

73-80 

77-30 

3. Pn>ccss steam 

7-20 

3-10 

2-80 


kkhkT 

00-00 

looW 

Output, of input ; 

1 . lias 

64-00 

58-20 

64-10 

2. Tar 

12-30 

23-00 

16-10 

3. Dry ml 

0-50 

000 

0 60 

4. Waste heat boiler 

2-60 

2-. 30 

2-50 

Thermal elVrciency 

80-30 

84-40 

8T3(r 


If bituminous coal is used for generator fuel, approxi- 
mately 58 "o of the coal gas liberated is recovered in the 
finished gas and constitutes 8 44‘’o of its heating value. 
This has very little elTect on the thermal efficiency of the 
process as compared with coke as generator fuel. Any 
variation due to the use of bituminous coal is oflset by a 
reduction in the amount of carburetting oil required. 


Oil Gas — Pacific Coast Process. 

In January 1920 the Railroad Commission of the State 
of California ordered an investigation of the production, 
transmission, distribution, and use of gas, and of such 
other matters pertaining to the gas service in California as 
appeared advisable. This was a joint investigation by the 
Railroad Commission and the gas companies, and in- 
cluded a study of the cfiiciency of the Pacific Coast Oil 
Gas Process with single-shell machines as well as two-shell 
machines. The final report was issued 3 May 1924 [7]. 

The following thermal elTiciencies were obtained when 
making a 550-B.Th.U. gas with different sizes and types 
of oil-gas machines: 



T\%'o-shcll 

Single-shell 

Si/e diameter 

12 ft. 1 

18 ft. 9 in. : 

14 ft. 

i 20 ft. 

22 ft. 

Heat input . 

! 

0 / 1 

?o 

1 O / 1 

'’o 

Heating value of ntake oil . 1 

84-1 

84-1 ! 

85-5 

i 89"2 

86-0 

.. ,, heat oil 

12-0 

11-4 

11-8 

8-0 

11-7 

Heat in steam used ! 

3-4 ! 

4-0 

2-2 

i 

1-7 

Miscellaneous 

0-5 1 

0-5 

, 0-5 

! 0-5 

! 0-6 

! 

Heat recovered: j 

100-0 

, lOO-O 

1 100-0 

j 100-0 

1 

1 100-0 

1 

Heating value of gas . 

48-0 

48-4 

42-9 

i 45-8 

43-0 

.. ., lampblack. 

i 17-0 

1 15-8 

24-8 

1 23-6 

24-5 

.. tar 

j 6-1 

5-8 

2-8 

1 1-9 

1-7 

Total heat recovered . 

71-1 

70-0 

70-5 

1 71-3 

69-2 


Refinery Oil Gas. 

Based upon data in a paper entitled ‘The Refinery Gas 
Reforming Plant at Chester, Pa.’, in the 1930 Proceedings 


of the American Gas Association^ p. 1471, the following 
results were obtained when producing a 520-B.Th.U. gas: 

Fuel per 1,000 cu. ft 11-87 lb. 

Oil gas per 1,000 cu. fl. (1,575 B.Th.U.) . 259 cu. ft. 

Tar produced per 1,000 cu. ft. ... 0 06 U.S. gal. 

Based upon 13,500 B.Th.U. per lb. of generator fuel and 
150,(XK) 15 Th.U. per U.S. gal. of tar, a calculated heat 
balance shows that of the heat input: 

91 0°,' is recovered as gas 
I (>‘’o ,, ,, tar 

92-6"., thermal efficiency 


High-heating Value Gas 

When natural gas replaces manufactured gas (about 
550 B.Th.U.) it is necessary to change the adjustments of 
all the gas appliances. While this change is primarily due 
to the higher heating value of the natural gas, it is also due 
to the burning characteristics of the constituents of natural 
gas. It does not follow, as one might readily suppose, that 
a manufactured gas having the same heating value as 
natural gas can be substituted for or mixed with natural 
gas and render satisfactory service. 

The extensive replacement of manufactured gas by 
natural gas has resulted in the development of processes 
and methods for making a manufactured gas of high 
heating value which can be used to augment the supply 
of natural gas at times of peak loads or as a complete 
substitute for natural gas in the event of an interruption in 
the supply due to a break in the natural-gas transmission 
line or to some other cause. 

The manufactured gases which are the best substitutes 
for natural gas are straight oil gas or oil gas mixed with 
a small percentage of blue gas. These gases can be made 
with the equipment used for the manufacture of carburetted 
blue gas and Pacific Coast oil gas. This equipment can 
produce such a gas at the same therm rate (therm — 
100,000 B.Th.U.) at which gases of lower healing value 
arc produced. 

Refractory Screen Oil-gas Process [12, 1932-3] 

This process was developed by the Combustion Utilities 
Corporation, New York, N.Y., in 1932. It can be used 
with a standard three-shell carburetted blue-gas machine 
with a few modifications. 

Equipment. 

Fig. 9 is a diagrammatic drawing of a three-shell car- 
buretted blue-gas machine equipped for the Refractory 
Screen Oil-gas Process. The changes required are: 

1. Generator grates arc substituted by checkerwork 
refractory on which a bed is built of small non- 
spalling high-temperature resistant refractory blocks. 
This constitutes the so-called refractory screen. 

2. A water-cooled oil spray is inserted through the 
generator-charging door, or the door is removed and 
a steel cover plate supporting the oil spray is bolted 
in place. 

3. An additional air nozzle is provided for the down 
blasting of the refractory bed. 

4. A gas connexion and hot valve is required between 
the generator bottom and the carburettor top. 

5. Oil burners are provided in generator and carburettor 
for heating purposes. 
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has the consistency of coal tar made in by-product coke 
ovens. Its specific gravity is about 113. 

While no lampblack is perceptible in the wash-box or 
scrubber overflows, undoubtedly some is formed. It is prob- 
ably recovered as free carbon in the tar. 

Table IX shows typical operating results when pro- 
ducing an oil gas of approximately 1,000 B.Th.U. by the 
Diesel Oil-gas Process. 

Production of Oil Gas in a Carburetted Blue-gas 
Machine [24, 1933-5] 

Considerable work has been done in the past 4 years 
on the production of 800 to 1,000 B.Th.U. gas in a standard 
three-shell carburetted blue-gas machine using various 
modifications of standard carburetted blue-gas operating 
procedure. 

A blower is used for heating the checker brick in the 
carburettor and superheater similar to the carburetted 
blue-gas process. Since very little or no blue gas is made, 
steam along with air is passed through the fuel bed in the 
generator. The use of steam in this manner is to prevent 
excessive heating of the generator and excessive formation 
of clinker. 

During the run or make period oil gas is mostly made 
by introducing oil into the top of the carburettor. It is 
gasified by passing through the hot checker brick in the 
carburettor and superheater. After the proper amount 
of oil has been introduced, the oil gas is purged from the 
machine with either steam or blue gas. 

E. L. Fischer has made high B.Th.U. gases in a standard 
carburetted blue-gas machine by the following methods: 

a. Crack oil in carburettor at temperature just under 
lampblack formation. Mix with resulting oil gas 
sufficient blue gas to obtain required B.Th.U. 

b. Crack oil in carburettor in steam atmosphere, using 
sufficient temperature to produce B.Th.U. desired. 

c. Crack oil in carburettor at temperature just under 
lampblack formation as in («), also crack sufficient 
oil through generator fire to bring B.Th.U. to desired 
value. 

d. Operate as in (c) to produce about 750-B.Th.U. gas, 
then mix with sufficient uncracked butane to produce 
desired B.Th.U. 

e. Operate as in (^i), using butane in carburettor instead 
of oil. 

If the oil is cracked to produce an oil gas of less than 
900 B.Th.U. per cu. ft., considerable lampblack is formed. 

A heavy pitch-like tar is also formed. Due to the formation 
of lampblack and tar considerable operating difficulties 
are encountered. 

The Mechanism of Cracking* 

The controlling factors in the production of high-heating 
value gas are: 

1. The B.Th.U. per cu. ft. This should not vary more 
than plus or minus 5%. 

2. The specific gravity. This should not vary more than 
plus or minus 10%. 

3. The proportions of fast and slow burning con- 
stituents in the gas. 

A uniform cracking temperature is essential. Usually 
a variation of 25 or 50"" F. in the cracking temperature will 
cause an appreciable variation in all three factors. 

An oil gas made in a carburetted blue-gas machine or 
by the refractory screen oil-gas process or the Diesel oil-gas 
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process contains a small amount of blue gas. Such an 
oil gas of any given heating value has a fairly definite 
specific gravity and composition. During the tests made 
at San Rafael in May 1932 [10] analyses were made 
of oil gases whose heating value varied considerably. A 
chart was prepared from these analyses in which the specific 
gravity, unsaturated hydrocarbons, saturated hydrocar- 
bons, and hydrogen were plotted against the heating value. 
According to this chart the changes in the character and 
composition of the oil gas varied as follows with the heating 
value : 


Hcottnf^ value 
B.Th.U. per 
cu. ft. 

Sp. ftr. 

Unsaturated 

hydrocarbons 

Saturated 

hydrocarbons 

Hydrogen 

700 

' 0-48 

1 O 

; 10 

35 

43 

800 

; 0*54 

14 

41 

34 

900 

, 0 61 

19 

45 

26 

1,000 

067 

! 23 

47 

20 

1,100 

0-73 

27 

46 

14 


Production of Light Oils or Motor Fuels 

One of the principal sources of benzol and toluol during 
the World War, 1914-18, was carburetted blue gas. Light 
oil vapours in the gas were removed by scrubbing with a 
straw oil. The light oils recovered in this manner amounted 
to approximately 10 of the carburetting oil used. The 
composition of these crude light oils was as follows: 

Benzol • 

Toluol . 25"\, 

Solvent naphtha, wash oil, naphthalene, <Scc. . 33 

When the maximum carburetting efficiency was obtained, 
these oils contained less than V]o paraffin compounds. 

Removing the light-oil vapours from carburetted blue 
gas reduces the heating value from 4 to S ' o. This means 
that in order to produce a gas of a given heating value, more 
carburetting oil is required if the light-oil vapours are 
recovered than would be needed if they remain in the gas. 
Partly for this reason, but principally because the light 
oils yield more revenue when sold as gas than as motor 
fuel, gas companies, as a rule, do not remove light oils 
from the gas. One gas company on the Pacific Coast 
making 550-B.Th.U. oil gas by the Pacific Coast oil-gas 
process recovers the light oils from the gas and sells them 
for motor fuel. The oil-gas sets are operated considerably 
below their rated capacity in order to produce a maximum 
amount of light oils. The light oils thus produced contain 
an appreciable amount of paraffin compounds. These are 
not objectionable if the light oils arc used as motor fuel. 
If benzol and toluol are recovered for nitrating purposes, 
the presence of paraffin compounds —in excess of 2®o — is 
objectionable. 

About 15 years ago the author (Willicn) had some 
experience with the production of blaugas. This was a 
liquefied oil gas. It was made by gasifying a distillate ga.s 
oil in horizontal fireclay retorts, similar to the retorts used 
for carbonizing coal. The oil was gasified at a temperature 
of about 1,000^ F. Approximately 40 cu. ft. oil gas of the 
following composition was produced per gallon of oil: 

CO, I Ills. O, CO CH, H, N, 

10 I 43-8 0-8 1-8 30 5 18 9 3-2 

About 50% of the gas oil used was recovered as tar oil, 
A distillation test on this tar oil showed 43-7% distilling 
below 200*^ C. The distillate lost 15% on washing with 
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sulphuric acid and had a gravity of 45'’ Fig. 10 shows 
a comparison of a distillation curve on this distillate with 
three commercial gasolines on the market at that time. 
One of these gasolines was known to be blended with 



Fig. 10. Distillation curves on blaugas motor fuel and 
commercial motor fuels. 

30-5 benzol. Fig. 11 shows the distillation curve on 
the original gas oil and the residue from the tar oil after 
distilling the fraction up to 200" C. 

It is interesting to note that the distillation curve on 
the motor- fuel fraction from the tar oil is practically the 
same as the curve for the commercial gasoline blended 
with benzol. 

The curves in Fig. 11 indicate that the residue from the 
tar oil after removing the motor fraction is as suitable for 
processing in the retorts as the original oil. 

By removing the light oils from the oil gas an additional 
one-tenth of a gallon of motor fuel should be recovered. 


Allowing a 15% washing loss, the total motor fuel re- 
covered per gallon of gas oil would be 27%. Assuming 
that the residue tar oil yields the same amount of products 
on a second processing as the original gas oil, a gallon of 
gas oil should yield 35% motor fuel and 51 cu. ft. of oil gas. 

Similar results should be obtained by cracking at a low 
temperature in a carburetted blue-gas machine. Since most 
gas companies have idle generating equipment during the 
summer months, it should be possible through some sort 
of co-operative arrangement between the oil and the gas 



Fig. 11. Distillation curves on gas oil before and 
after cracking. 

companies to use this idle equipment for producing motor 
fuel, the gas companies keeping the gas and the oil com- 
panies supplying the gas oil and taking the motor fuel. 
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THE EVALUATION OF OILS FOR GAS MAKING-ENGLISH 

PRACTICE 

By R. H. GRIFFITH, D.Phil. 

The Gas Light and Coke Company 


In English gas-making practice, gas oil is cracked for the 
purpose of enriching water gas to raise its calorific value. 
The cracking process is carried out in a carburettor and 
superheater, attached to the water-gas generator, which are 
filled with a checker- work of refractory bricks and arc 
heated during the blow period of the gas-making cycle to 
about 750" C. The yield of gas from the oil depends on 
(1) the temperature of the cracking vessels, (2) the rate at 
which the oil is injected, and (3) the composition of the oil 
used. Methods for the valuation of gas oils, which do not 
depend on actual cracking experiments, are based on the 
chemical and physical properties of the hydrocarbon. 

Ross and Leather [7, 1902] used the refractive index, 
specific gravity, and behaviour towards bromine as criteria 
for the value of an oil, and concluded that paraffin hydro- 
carbons w'ere the most desirable. Many other investigators 
subsequently carried out small-scale experiments with oils 
of different types but did not give sufficient attention to 
control of the other variables mentioned above to enable 
them to find any closer relation between chemical con- 
stitution and value for gas making. Satisfactory methods 
for the analysis of hydrocarbon mixtures were also not 
available at the time. 

A wide range of oils was later investigated by Griffith 
[2, 1929], the samples being analysed with reference to 
unsaturated, aromatic, naphthene, and paraffin hydro- 
carbons (see Appendix), and the maximum obtainable gas 
yield being determined for each oil by a number of experi- 
ments. It was found that a direct relation exists between 
the content of open-chain hydrocarbons (unsaturated and 
paraffin together) and the thermal yield of permanent gas. 
This method of expressing the efficiency of oil-cracking 
proved particularly convenient in view of the adoption of 
the calorific value standard in the gas industry. In Table I 
are given the results obtained by cracking oils of widely 
varying composition in an experimental furnace supplied 
with a stream of hydrogen. It is clear that the thermal 
yield follows closely the figures in column 2, which are 
based on analysis of the hydrocarbons. The sum of the 
percentage of paraffin and unsaturated hydrocarbons pre- 
sent in a gas oil has therefore been chosen as its valuation 
number. Examination of the oil by this analytical method 
has the advantage of being simple and rapid; it has also 
been found capable of giving results in close agreement 
when determinations are carried out by different mani- 
pulators in separate laboratories. 

Later investigators have suggested alternative methods 
of analysis, but are in agreement as to the value of paraffin 
hydrocarbons and the desirability of having as low a con- 
tent of aromatic compounds as possible. Van Dijk [9, 
1933], for example, advocates the analytical method of 
Waterman, while l^hlapfer and Schaffhauser [8, 1933] 
again point out that efficiency of cracking of an oil will 
depend on the temperature and rate at which it is de- 
composed. In view of the influence of hydrogen on the 
reactions involved, it is of interest to record the composi- 
tion of the gases [3, 1934] produced from two carburetted 


water-gas plants under various conditions, as shown in 
Table 11. 

Table I 


Oil no. 

Sum of paraffins 
and unsaturateds 

Max. therms 
per gal. 

8a 

81-7 

1 45 

24 

75-5 

1 34 

14 

72-8 

1-32 

4 

70-3 

131 

11 

70- 1 

1-30 

12 

68 4 

1 28 

20 

67-6 

1-31 

1 

66 8 

1'28 

13 

66 5 

1-24 

6 

65-5 

1-29 

34 

641 

1*28 

9 

63 9 

117 

7 

620 

1-27 

8 

61 9 

1-27 

17 

61 9 

118 

22 

61 4 

1-22 

2 

60-1 

1-20 

3 

59-5 

1 19 

32 

59-5 

113 

10 

591 

1-20 

23 

56-2 

M7 

5 

49 9 

M8 

43 

47-4 

1 06 

45 

47-2 

104 

19 

45-6 

116 

40 

39-9 

102 

30 

38-8 

1 08 

16 

32-3 

0 85 

36 

25-6 

0 96 

48 

18-5 

0-72 

15 

28 4* 

0 50 


• Including naphthenes. 

These results emphasize the importance of control of 
temperature and rate of oil feed in any attempt to evaluate 
different types of oil by actual cracking experiments, and 
failure to observe these precautions has undoubtedly led to 
confusing statements from time to time. The conclusions 
of Murphy [6, 1930] that naphthenes have a relatively high 
carburetting value are based on a limited series of experi- 
ments, and other cases where cyclohexane has been chosen 
as representative of this class of hydrocarbon are similarly 
open to objection. The data on which Table I is based 
show clearly that cyclic components are undesirable [2, 
1929] but do not attempt to decide whether naphthenes 
arc actually superior to aromatic hydrocarbons. That the 
valuation method outlined above is applicable to works' 
practice is indicated by data from Domisse [1, 1933], who 
also provides an extensive bibliography of the subject. 

As the efficiencies are expressed on the basis of gaseous 
therms per gallon of oil, it is to be expected that the boiling- 
point range of the oil will have some small influence on the 
results. This is actually found to be the case for two 
different reasons: (1) that there is greater weight of fuel 
per gallon of the high-boiling oil, so that within cer- 
tain limits set by the case of vaporization in the cracking 
vessels there is a larger yield of gas; and (2) that paraffin 
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Table II 







1 




Cubic feet 

* 


Cracking 

I Gal. oil 


Cu. ft. gas 




Hs 


temp.. 

i per 1,000 

Gal. oil 

formed from 

Therms 



per gal. 

Test no. 

C. 

! cu. ft. 

per min. 

1 gal. oil 

per gal. 

CH, 

C„H,. 

absorbed 

Plant A 1 

805 

1 92 

5 5 

65 7 

1-259 

604 

35 9 

30-7 

2 

810 

1 1 83 

5 0 

67*7 

1-269 

61 2 

37-1 

31-1 

3 

805 

2 01 

60 

666 

1-237 

59-2 

37-3 

34-8 

4 

810 

T62 

4-5 

68-5 

1-334 

61-7 

43-8 

37-0 

5 

760 

2 04 

5-5 

564 

1-202 

48-5 

39-2 

314 

6 

715 

; 196 

(5-5) 

51 4 

1-220 

45 9 

35-7 

30-1 

7 

805 

1 1-82 

3-7 

68-7 

! 1-369 

64-3 

42-3 

37-9 

8 

805 

i 1-87 

; 7-3 

53 1 

! 1-157 

52-9 

32-6 

32-6 

9 

860 

1 1 84 

1 3-7 

549 

1 1-217 

59 2 

31-5 

35-9 

Plant B 1 

(585)t 

i 1 26 

1-5 

51 9 

i 113 

i 57-3 

i 32-6 

i 38-0 

2 

,, 

043 

! 05 

- 16-3 

' 094 

1 74-4 

! 44-2 

j 130 0 

4 

,, 

, 093 

’ 20 

129 

1 1 10 

j 369 

1 27-0 

1 51-8 

5 

i »’ 

1 045 

1 025 

; 17-9 

0-99 

1 64 9 

; 403 

87-3 

6 


1-28 

‘ 075 

' 43-7 

1 05 

469 

! 19 5 

1 22-7 


♦ CnHm indicates olefine hydrocarbons. t This temperature is at superheater outlet. 


hydrocarbons of boiling-point about 200-250" C. are appre- 
ciably more stable than those of higher boiling-point, so 
that they do not decompose so rapidly (cf. Holmes [5, 1932]). 
Allowance for boiling-point is included in a formula of 
Schlapfer [8, 1933], where the evaluation factor is equal to 
KHjG; K being the average boiling-point of the oil under 
10 mm. pressure, H the hydrogen content, and G the specific 
gravity. 

The recent introduction of cetene values for Diesel fuels 
suggests that such a number would give a fair approxi- 
mation to the gas-oil valuation number. It is evident that 
the properties required for a good gas oil are rather similar 
to those necessary in a fuel for a compression-ignition 
engine, but on account of some differences in the behaviour 
of naphthene and unsaturated hydrocarbons in the two 
cases it still appears preferable to employ separate stan- 
dards. 

The chemical composition of the gas oil has little effect 
on that of the tar produced by the carburetted water-gas 
plant, but the volume of tar increases rapidly as the valua- 
tion number decreases ; this is a consequence of the greater 
stability of the cyclic hydrocarbons. 

APPENDIX 

Analysis of Gas Oils for Evaluation 

For full experimental details of the method adopted for 
the analysis of gas oils, reference should be made to the 
original publications [2, 1928; 4, 1933]. 

Distillation. 200 ml. of the oil are distilled from a 
standard 250-ml. Jena flask and the distillaticn curve con- 
structed from the temperaturc/per cent, distillate readings. 
From this the mean boiling-point (T" C.) — the temperature 
at which 50% of the oil has distilled — is found. 

Unsaturated Hydrocarbons. 50 ml. of the total distillate 
obtained previously are shaken with 100 ml. of 80% sul- 
phuric acid for 15 minutes. After settling for 2 hours, the 


oil layer is separated, washed with water, alkali, and water 
again. The oil is then drained into a 100-ml. Jena flask 
and distilled to the end-point reached in the first distilla- 
tion. The diminution in volume represents the unsaturated 
hydrocarbons present. 

Aromatic Hydrocarbons. 20 ml. of the unsaturated free 
oil are shaken for 15 minutes with 50 ml. of sulphuric acid 
(98%). The volume of oil separating after standing for 
2 hours is measured, the diminution being due to removal 
of aromatic hydrocarbons. 

Naphthenes. The aniline point of the oil, carefully 
separated from the acid in the previous stage, is deter- 
mined. 5 ml. each of oil and dry redistilled aniline are 
heated in a jacketed test-tube till miscible, the temperature 
( C.) at which a cloud first appears upon cooling being 
taken as the aniline point. 

The aniline point of a mixture of paratTm hydrocarbons 
of mean boiling-point T" C. may be obtained by interpola- 
tion from the following table: 


B.pr. T C. 

Aniline-point 

180 

76 3 

200 

79- 1 

220 

82-0 

240 

85 0 

260 

88-3 

280 

90 9 

300 

93-7 

320 

96 9 

340 

99-5 

360 

101 3 


The observed aniline point is subtracted from this value, 
and the difference, multiplied by 0*4, gives the percentage 
of naphthenes present in the final paraffin-naphthene 
mixture. 

Paraffin Hydrocarbons. The percentage of paraffin 
hydrocarbons in the original oil is then calculated by 
difference, knowing the relative amounts of unsaturated, 
aromatic, and naphthene hydrocarbons. 
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OIL FUEL 

THE INDUSTRIAL APPLICATION OF FUEL OILS, INCLUDING 

BURNER PRACTICE 

By I. LUBBOCK, M.A., A.M.I.Mech.E., F. J. BATTERSHILL, and R. H. B. FORSTER, B.Sc. 


I. COMBUSTION 
1. Outline of Principles 

Oil has been found to be a very satisfactory fuel for a large 
number of heating operations. The measure of success 
obtained depends, however, on a number of fundamental 
considerations. There are three essential factors: 

(1) A suitable appliance for burning the oil. This in- 
cludes the supply of the fuel and the combustion air 
at the correct pressure and velocity with provision 
for correct mixing. 

(2) A combustion chamber of the right shape and 
dimensions. 

(3) A correctly designed furnace or heat-transferring 
appliance. This involves consideration of the work- 
ing temperature and of the quantity of heat to be 
generated or transmitted. 

It is proposed to deal only with those elementary prin- 
ciples of combustion of oil fuel which, taken in conjunction 
with these three groups, form the basis of most of the practi- 
cal work carried out. 

The properties of oil fuels of different grades and from 
different sources vary considerably. An average specifica- 
tion of a typical light fuel oil would be as follows: 


Specific gravity at 60^ F. 

. 0-92 

Viscosity, Redwood No. 1, at 100“ F. 

. 200 see. 

Calorific value (gross) 

. 19,000 B.Th.U. per lb. 

Flash-point (closed) 

. 190^ F. 

Analysis: 


Carbon 

. 87-4% 

Hydrogen ... 

. 110% 

Sulphur 

1-45% 

Oxygen 

015% 

On the above analysis the air required theoretically for 


complete combustion is approximately 14 lb. per lb. of oil, 
and the maximum possible percentage of CO,, in the dry 
gaseous products of combustion is 15*9. 


On the other hand, a typical gas oil, taken at random, 
would have the following properties: 


Specific gravity at 60^ F. 

0-86 

Viscosity, Redwood No. 1, at 100^ F. 

. 35 sec. 

Calorific value (gross) 

. 19,500 B.Th.U. per lb. 

Flash-point (closed) 

. 180“ F. 

Analysis: 


Carbon 

. 85-5% 

Hydrogen .... 

. 13-6% 

Sulphur 

0-4% 

Oxygen 

. 0*5% 


In this case approximately 14-7 lb. of air would be required 
theoretically per lb. of oil, and the maximum possible COj 
percentage would be 15 05. 

From an examination of the analyses of a large number 
of oils it appears that the air required theoretically per lb. 
of oil lies roughly within the range of 14 to 15 lb. As a 
basis of calculation for average conditions it is usual to 
allow 30% excess air, although naturally it is possible to 
obtain variations from almost the theoretical minimum of 
air up to several hundred per cent, excess, according to 
conditions or requirements. 


The chief factors governing the attainment of low excess 
air are good oil atomization combined with correct air 
control design so as to give the maximum possible turbu- 
lence. Highly preheated air appears to help in this con- 
nexion, but only if the other conditions are correct. 

From the point of view of economy it is essential to keep 
the percentage of excess air at a minimum. This is par- 
ticularly important in the case of furnaces operating at 
high temperatures. The losses due to excess air can be read 
off readily from the chart represented by Fig. 1. 

Taking for example a furnace in which the heat required 
in the working chamber is 100,000 B.Th.U. per hour for 
useful work and radiation, and assuming that the tempera- 
ture at which the gases leave the furnace is 2,000"' F., two 
cases will be examined to show the effects of excess air, i.e. 

(fl) with 30% excess air. 

(b) with 100% excess air. 

(a) Referring to Fig. 1 , the heat carried out in the waste 
gases is 1 1 ,200 B.Th.U. per lb. of oil burnt, leaving a useful 
value of (19,000- 1 1,200), i.e. 7,800 B.Th.U. per lb. This 
value is indicated on the right-hand scale. In this case the 
oil consumption would therefore be 100,000 : 7,800 ~ 
12*8 lb. per hour. 

(b) With 100% excess air the useful heat equals 2,500 
B.Th.U. per lb., and in this case the oil consumption 
becomes 100,000 : 2,500 ~ 40 lb. per hour. 

This chart also affords a means of determining the theo- 
retical flame temperature which can be found at the inter- 
section of the diagonal line with the top horizontal scale. 

All calculations involved have been based on the follow- 
ing ultimate analysis of the oil: 


Carbon 

86*6" 

Hydrogen 

12-4“, 

Oxygen 

0-5;:, 

Sulphur 

0-5°, 


The specific heat of hydrogen has been taken according to 
Partington and Shilling, while for all other gases the equa- 
tions proposed by Goodenough and Felbeck have been used. 
These are all given in Spiers, Technical Data on Fuel [8]. 

The actual flame temperature can be deduced by calculat- 
ing the heat introduced in the combustion air and the heat 
lost by radiation from the flame. 

In connexion with the subject of flame temperature 
dissociation of the combustion products has a negligible 
effect at temperatures below 3,1()0'' F. Fig. 2 indicates the 
reduction in theoretical flame temperature due to this cause. 

The dissociation calculations are based on the charts 
prepared by A. V. S. Underwood which are reproduced in 
Spiers, Technical Data on Fuel [8]. The results have been 
checked by the information given in Fuels and Their 
Combustion [3] by Haslam and Russell. 

2. Oil-burning Appliances 

The appliances used for burning oil fuel can be divided 
broadly into the two following classes: 

(a) Vaporizing burners. 

{b) Atomizing burners. 



Availoblft Haor 




Fio. 2. Effect of dissociation on flame temperature. 


MtiT CIVtM 0^ l** BJU.» 
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(a) Vaporizing Burners. 

The vaporizing burner has been developed with the 
object of eliminating the necessity of having some form of 
external power such as is required for an atomizing burner. 
There are a number of different types, two of which arc 
described here. 

These appliances operate substantially on the principle 
of vaporizing the oil preparatory to burning. They are 
therefore most successful on kerosine or refined distillates. 
With gas oil and heavier distillates cumulative carbon 
deposits tend to form, particularly at or near the points of 
entry of the oil. Occasionally attempts are made to use 
blends containing asphaltic or waxy residual oil, but results 
are usually poor unless continual cleaning or raking takes 
place. For most applications, moreover, it is found prac- 
tically impossible to work with more than 7% or 8% COg 
without the formation of smoke. Higher CO 2 and hence 
more effective air/oil mixing can only be achieved by special 
apparatus involving a vibratory type of combustion or 
similar artifice. Certain recent patent applications disclose 
attempts to obtain high air preheats in order to keep down 
carbon formation, while there are several commercial 
burners for which good results are claimed when using 
water with the oil to assist gasification. 

Fig. 3 shows a typical burner of the vaporizing type. The 
burner itself consists of a cast-iron or steel pot (1) which is 



Fig. 3. Natural draught or vaporizing burner. 


perforated round the p>eriphery with a number of small 
holes (2), through which part of the combustion air is 
drawn. In some forms of this appliance a drip feed is used 
which results in the oil vaporizing as it enters the vessel. 
No oil level builds up except at startingor with the flow set 
too high. Combustion begins in the pot, and sufficient heat 
is generated there to vaporize the oil without cracking it. 
The remainder of the combustion air is introduced at the 
point (4). This is a clearance space between the top of the 
pot and the bottom of the furnace. An overflow is usually 
provided at the bottom of the pot to a small bucket which 
is connected to an oil shut-off valve. In the event of flame 
failure the oil overflows, the bucket fills, and the additional 
weight causes the valve to close. 

Fig. 4 illustrates an appliance known as the ‘Range 
Burner’. Oil is fed from the pipe (1) to the concentric 
annular grooves (2) which arc usually fitted with asbestos 
wicks (3). The vapour formed rises up the space (4) and 
meets air which is drawn in through the holes (5). Partial 
combustion takes place in the space (4) and it is completed 
at the point (6). 

It should be noted that in both the cases cited the 
phenomenon known as ‘reversed’ combustion is taking 
place. It is possible to burn cither a jet of combustible gas 
in an atmosphere of air or a jet of air in an atmosphere of 
the gas. In the case of the burners shown a large number 
of small jets of air entering at the holes are burning in an 
atmosphere of oil gas. 

The vaporizing burner is not used to any great extent for 



industrial furnace work, and its most important application 
is in connexion with cooking ranges, particularly in locali- 
ties where electric power is not available for driving fans 
or compressors, 

(a) Atomizing Burners. 

The majority of oil-burning appliances work on the 
principle of forming a fine spray or mist, and combustion 
takes place with the oil in suspension. The production of 
this mist requires some form of power which is taken from 
an external source except in the case of the self-generating 
burners. 

A number of different makes of burners is on the 
market, but nearly all of these can be classified under one 
of several main types. A few are combinations of two or 
more systems. 

The various types of atomization are commonly known 
by the following names: 

(i) Pressure jet. 

(ii) Steam jet. 

(iii) Air jet including high-pressure air, medium-pressure 
air, low-pressure air. 

(iv) Spinning cup or rotary. 

(v) Pot type. 

(vi) Self-generating. 

(i) Pressure Jet. Since this type of burner is mainly em- 
ployed for steam raising, it is dealt with fully in the section 
headed The Use of Fuel Oil for Steam Raising. In order, 
however, to give here a comprehensive list of burner types 
it is necessary to touch on the general principles. 

The pressure jet derives its name from the fact that the 
oil at a high pressure is forced through a special atomizer. 
A rotational velocity is imparted to the oil in a vortex 
chamber before it enters the final orifice, and as a result the 
oil on issuing breaks into a fine spray, approximately in the 
form of a hollow cone. 

(ii) Steam Jet. A full description of the steam-jet burner 
is given in The Use of Fuel Oil for Steam Raising. Since the 




principle of this burner is almost identical with that of the 
high-pressure air burner, most of the factors enumerated 
below hold for both types. 

(iii) Air Jet. In the case of the air-jet burner atomization 
is carried out by means of a stream of air. The pressure 
employed may range from J lb. per sq. in. up to 100 lb. 
per sq. in. or more, and for this reason burners of this type 
are usually divided into three classes — ‘high-pressure air\ 
‘medium-pressure air’, and ‘low-pressure air’. Although 
the fundamental principles are the same for all the burners 
under this heading, the design is affected by the air pressure 
in use and the proportion of air taken through the burner. 
It is impossible to make an exact demarcation between the 
different groups, but as a rough classification the following 
pressure ranges may be taken : 

High-pressure air. . 5 lb. per sq. in. and upwards. 

Medium-pressure air . 1 i lb. up to 5 lb. per sq. in. 

Low-pressure air. . i lb. up to IJ lb. per sq. in. 


Fig. 5 illustrates a typical burner nozzle operating on 
high-pressure air. The oil flows through a central tube, and 
on emerging is caught up by a stream ^ 

of air moving at high velocity. This Y 

has the effect of breaking up the oil 0^ 
stream into a fine mist. 

The opening through which the iSipiiiinir^yd 
air issues is adjustable by screwing tezizzzs/ 

the final nozzle backwards or for- Fig. 5. High-prcs- 
wards. This has the effect of con- Pf steam-jet 

trolbng the quantity of air while agent outside), 
maintaining the maximum velocity, 
and it is therefore a better method than by throttling on 
an outside valve. 

It is well known from elementary theory that when 
operating with air at pressures above 13 lb. per sq. in. some 
form of convergent-divergent nozzle should be used in 
order to obtain the highest velocity of the air stream. An 
examination of a large number of high-pressure air burners 
reveals the fact that no serious attempt on these lines has 
been made, and this is probably due to the fact that in 
practice the maximum theoretical velocity is obtainable 
from a compressed air jet with a negligible amount of 
divergence. In the case of steam issuing from a jet at 
high pressure the angle of divergence requires to be con- 
siderably greater than with air, and in some steam-jet 
burners this fact is taken into account. 

Fig. 6 illustrates a high-pressure air or steam-jet burner 
in which the atomizing agent enters through the centre of 
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A'ith that of the In connexion with air-jet burners as a whole the qu^tity 
ors enumerated of air used for atomization resolves itself into a question of 
the momentum of the ^ 

ner atomization air and oil streams. It 
“. The pressure is therefore obvious that 

i. up to 100 lb. with the high velocities 

lers of this type which are obtainable R H 

^i-pressure air’, from high pressures a 

air’. Although given velocity can be fmA 

:• all the burners imparted to the oil with t | a 

the air pressure a smaller quantity of JK 

ugh the burner. high-pressure air than is ^ 1 ^ 

ion between the the case if a lower air 
)n the following pressure is employed. Fig. 7. 

The exact proportion of 

and upwards. atomization depends on the con- 

3 per sq. in. struction of the burner, but from consideration of power 

3 per sq. in. requirements to compress this air it is obviously desirable 

to keep the quantity at a mini- 

le operating on n,um. ^//y//////^///^. 

entral tube, and Figs. 8, 9, and 10 show three /////// ///|^ 

(D different forms of medium- g 

J pressure air burners, although ^ 

must bc understood that / j / .v ’ / 

with correct clearances these , . , , 

j burner types arc equally suit- 

able for steam or high-pressure Fir. 8 

□. 5. High-prcs- • 

air or steam-jet ‘ J , .. ...... . • . 

le (with atomizing 1^^ ^ the Oil runs parallel with the air, whereas in the 

i outside). burner shown in Fig. 9 the oil enters at right angles to 

the air. 



In the burner shown in Fig. 10 a special swirl chamber 
(4) is provided. Air enters through the tangential air holes 
and the mixture of oil and air is caused to rotate rapidly 
before leaving the burner nozzle. 




/ On J TAM^tMUAL Htcti. 

4>Mu>itNC CmMBtA 

Fig. 10. Medium-pressure air burner. 


/ At iHCi 2 JuAM M /W Jm// 

Fio. 6. High-pressure air or steam-jet nozzle (with atomizing 
agent inside). 

the oil spray. This burner is shown for use with steam, and 
a slight divergence exists, therefore, on the inner nozzle. 

Fig. 7 shows one of the most elementary types, which is 
usually known as the scent-spray burner. The oil is main- 
tained at a constant level slightly below the tip of the 
vertical oil nozzle. Steam or compressed a?** is blown past 
this nozzle, sucks the oil up, and atomizes it. 


Some of these burners operate over a wide range of 
pressures, such as from J lb. per sq. in. up to 5 lb. per sq. in. 
They virtually become, therefore, low-pressure air burners 
at the lower end of the scale and, as mentioned above, high- 
pressure burners at the other end. On account of this, the 
medium-pressure burner has a wide oil consumption range 
and it is frequently used for applications which require 
considerable variations in fuel consumption. This par- 
ticularly applies to the firing of intermittently operated 
ceramic kilns. 

The low-pressure air type of burner has its greatest 
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sufficient to raise this oil to the top of the jet, at which point 
it is caught up by the steam jet and a fine spray is formed. 

In order to produce the steam, water is fed to the flash 
boiler. A steady flow of water is supplied from the water 
tank by means of air pressure. The air pressure is generated 
by a hand pump, and two or three strokes per hour arc 
sufficient to maintain the pressure during steady operation. 
It should be noted that the steam-generating tubes are 
arranged on each side of the centre line of the burner. 

With some types of self-generating burners it is necessary 
to light a fire of oily waste and to raise a quantity of steam 
in the coil or boiler before the burner can be started. With 
the special type illustrated, initial atomization is performed 
by compressed air from the hand pump, and a flame is 
maintained in this manner until sufficient steam has been 
generated in the coil to permit changing over. A three-way 
cock is provided for this purpose. In one position it con- 
nects the air space at the top of the water tank with the coils, 
and thus affords a path to the atomizing jet. In the second 
position connexion is made to the water at the bottom of 
the reservoir, and in the third position all connexions are cut 
off. For further details of burner types, including general 
history of burner development, see Ir. H. A. Romp, Oil 
Burning [7]. 

3. Power Consumption 

Table I below gives a comparison between the various 
types of burners as regards the power required for atomiza- 
tion and the minimum weight of atomizing agent which is 
required. 

The velocities of the mixture at various points are calcu- 
lated from the theory of conservation of momentum, i.e. 

= (A/i + A/a+Main, 

where Mi = mass of atomizing agent (air or steam) in lb., 
M| = mass of oil in lb., 


A/a = mass of secondary air in lb., 

Vi = velocity of atomizing air or steam calculated 
from pressure drop, 

Fa — initial velocity of oil (assumed zero except for 
pressure jet), 

Fa = velocity of secondary air, 

F 4 == velocity of atomized mixture, 

F 5 = velocity of final combustion mixture. 


The values of Vi for air discharging through nozzles at 
various pressures are shown on Fig. 16. 



Fig. 16. Chart showing relationship of air pressure and rnavimiim 
theoretical speed. 


Table I 








' Ml >v7. , 






Velocities, feet per second 


1 of 





- ~ — - - 

— — 

— _ 

— - - 

, atomizing 




Gauge 

F 


! 


agent 

Percentage 

H P. for 


pressure 

Atomizing 


f'.t 


lb. per lb. 

of total 

atomizing 

Method of 

lb. per sq. 

air or 

F 

Atomized 

Combustion 

oil 

combustion 

1(H) lb. 

atomization 

in. 

steam 

Oil 

mixture 

mixture 

{minimum) 

air * 

oil per hr.^ 

Steam 

30 

2,140 


494 

33*3 

0-3 : 



Air: 

/ 100 

1,650 


436 

31-3 

0-36 

20 

1-76 

High pressure 

20 

1,160 


332 

24-4 

0-4 

2-2 

1-20 


1 10 

930 


289 

22 

0-45 

2-5 

062 

Medium pressure 

■1 1 

in 

STi 


250 

248 

20-3 

22-8 

0-54 

0-75 

3 0 

4-2 

04 

0 39 


. j 0-5 

1 0-25 

341 


236 

404 

2-25 

12-5 

0-375 

Low pressure 

244 


191 

46-5 

3-6 

20 

0-35 


175 


151 

58 

6-3 

35 

0 31 

Pressure jet 

100 


126 

126 

6-7 

1 


0-021 

♦Pressure (F3 = 20) . 

100 


126 

126 

25-7 

( 


0 021 


f 1 

341 


323 

323 

i 18 

100 

3-0 

Air at low pressure . 

. \ 0.5 

244 


231 

231 

1 18 

100 

1-76 


! 1 0-25 

175 


166 

166 


100 

0-88 


• Combustion sccondaiy air is assumed 10 enter furnace under natural draught at negligible velocity. This is not true in most cases and 
the effect of a small velocity F, is illustrated under the last case for pressure jet where F3 has been taken at 20 ft. per sec. ’ 

t F4 and F5 give the resultant atomized and combustion s^eds as calculated from the momentum equations. These speeds arc not neces- 
sarily in a forward direction, since a rotational movement is usually introduced. 

X The percentage of combustion air is based on the assumption that combustion is taking place with 30% excess air, i.e. approximately 
18 lb. of air per lb. of oil. ’ ^ 

§ This is the net H.P. required for supplying the atomizing agent at the stated pressure. It does not allow for frictional pressure droo in 
pipelines, nor is any allowance made for supplying secondary combustion air by forced or induced draught. ^ 
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In the case where it is decided to take all the combustion 
air through a low-pressure air burner the horse-power 
absorbed would be increased as shown in the lower section 
of Table I. 

The mixture speeds and percentage air for atomization 
shown in Table I are plotted in Fig. 17. Referring to 
Table I two examples have been shown for the pressure 
jet. In the first case it is assumed that initially the coin- 


preheat, such air would usually be admitted to the furnace 
through ports near the burner. In this case, one would 
choose the high-pressure or medium-pressure air system, 
taking the minimum quantity of cold air through the burner. 

4. Secondary Air 

It is necessary in practically all cases to arrange for 
secondary air to be supplied. The only exception to this 
rule is the low-pressure air burner 
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arranged to take 100% of the com- 
bustion air through the burner. 
Fig. 18 indicates a mounting for 



Fig. 18. Low-pressure air burner 
passing all combustion air. 



Fig. 19. Low-pressure air burner in- 
jecting part of combustion air. 

this last case. The opening in the 


Fio. 17. Chart showing minimum atomizing air and mixture speeds plotted against air pressure. 


furnace wall is arranged to be of 
the same diameter as the outside 


bustion air is stationary. This condition would never arise of the burner nozzle. By this means very little air enters 
in practice since the combustion air enters the furnace the furnace other than through the burner. In those cases 
round the burner at a considerable speed. The latter is where it is necessary to induce only a small proportion 


illustrated in the second pressure jet case of the table where of the combustion air an arrangement similar to Fig. 19 

the combustion air is assumed to have an initial speed of can be used. The quantity of air induced is controlled by 


20 ft. per sec. The resultant speed of the mixture becomes 
25-7 per sec. This probably represents the minimum 
mixture speed likely to be encountered in practice, since 
with all the other types of burners the secondary air will 
usually have an appreciable initial speed. 

This resultant mixture speed is not entirely in a for- 
ward direction since considerable swirl is often imparted to 
the primary and secondary combustion air with a view to 
creating turbulence. From the standpoint of an approxi- 
mate criterion of atomizing effect, however, tlie method 
given appears to fit in with practical results. 

It will be noted from Table 1 that the last column gives 
the power consumption with various systems. The pressure- 
jet system would appear to involve the least power. It 
should be noted, however, that where assisted draught is 
used, allowance must be made for the power required to 
drive the fans. The pressure-jet system is not used as freely 
as other types for industrial furnaces, owing to the fact that 
the flame is usually too wide and lacks the torch-like direc- 
tional effect obtainable with other atomizing methods. 

The low-pressure air system is employed for the majority 
of oil-fired industrial heating operations, and it has an 
advantage in that the combustion air can be heated to a 
temperature of 500® F. to 600® F. before it is passed through 
the burner. Where it is essential to employ a higher air 


metal slides round the opening or by altering the furnace 
damper setting. 

Fig. 20 illustrates what is known as the ‘hit and miss’ 
air director. This consists of a number of slots in a steel 
plate arranged radially round the burner. Control is 



Fig. 20. 


effected by rotation of a similar plate which is in contact 
with the other. This arrangement gives poor mixing and is 
not to be recommended. 

The best arrangement of air director is the cylindrical 
type with provision for mixing in a venturi throat as shown 


IV 


L 
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in Fig. 21. A swirl can be imparted to the air if required. 
This type can be used with natural or induced draught, and, 
if desired, a casing can be arranged round the outside and 
a supply of air delivered to this under forced draught. 



Fig. 22. 


Fig. 22 depicts an air port leading into the combustion 
chamber at some distance from the burner. This is some- 
times used where comparatively delayed combustion is 
required. 

The method shown in Fig. 23 is usually satisfactory for 
medium pressure air burners. The air enters the furnace 
through a long, narrow slot under the burner centre line. 




PETROLEUM 

A modification of this, in which the combustion chamber 
floor is perforated, is also used to some extent. 

With preheated air at moderate temperatures the air can 
be supplied to a steel air director under forced draught, as 
mentioned under the description of Fig. 21. With higher 



Fig. 25. 


temperatures steel cannot be used, and the air may enter 
under the burner as in Fig. 24 or through holes in a special 
fire-brick quarl as in Fig. 25. 

5. Combustion Chambers and Refractories 

An oil burner should be capable of maintaining satis- 
factory combustion without the assistance of any incan- 
descent brickwork. However, a suitably proportioned 
combustion chamber lined with refractory material can 
perform several valuable functions in respect to: 

{a) Accelerating combustion ; 

(Z>) Promoting good mixing ; 

and (c) In the case of direct fired furnaces increasing the 
rate of heat transfer by radiation. 

The combustion chamber volume required for a given 
fuel consumption rate depends on a number of factors. In 
practice wide variations occur and rates arc employed from 
2\ lb. of oil per hour per cu. ft. of combustion space up to 
ten times as much. This corresponds to a heat liberation 
rate of 47,500 B.Th.U. per hour per cu. ft. up to 475,000 
B.Th.U. per hour per cu. ft. 

No hard and fast rule can be laid down for the rate to 
be employed in any particular instance since each applica- 
tion must be treated on its own merits. It may be staled, 
however, that the rate of 2J lb. per cu. ft. applies to the 
combustion chambers of boilers operating on average low 
chimney draught, and the highest rale quoted may be used 
in extreme cases for very high temperature work such as in 
welding furnaces. This rate is also encountered on certain 
applications where space is of vital importance, such as 
boilers for naval work and for use on steam railcars. 

The combustion chamber walls, roof, and floor of an 
oil-fired furnace are subjected to high temperatures, thus 
necessitating a refractory material of suitable quality. 
While the first essential factor is that the refractory should 
have a high melting-point, this is not the only consideration. 
In fact, it is more important to have a high temperature 
softening-point under load than a high melting-point. This 
arises from the fact that there is, as a rule, no sharply 
defined melting-point, most refractories beginning to soften 
at much lower temperatures. 

When a furnace is used intermittently it is essential that 
the refractory should have a smooth expansion curve. 
Most of the expansion of silica takes place below 1,500° F. 
It is therefore necessary to take great care that a furnace 
is brought up to temperature very slowly when this material 
is used. Rapid heating results in a form of surface flaking 
known as ‘spalling’, and on this account silica should only 
be used in furnaces which are worked continuously and 
which are very rarely allowed to cool. For applications of 
this nature, such as the crowns of glass tanks, silica gives 
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excellent service, but when a furnace has to be brought up 
to temperature rapidly it is usual to employ a fire-brick 
containing a high percentage of alumina. The best quality 
of high aluminous fire-brick contains approximately 45% 
AltOs, the remainder being mainly SiO* with very small 
proportions of impurities such as ferric oxide. The analysis 
corresponds approximately to AUOa, ZSiOj. 

For applications where very high temperatures are 
experienced other more expensive refractories arc some- 
times used. These include sillimanite (AI 2 O 3 , SiOg); 
mullite (SAljOa, 2SiOa); corundum (AljOa), and silicon 
carbide (SiC). To minimize heat losses from the combus- 
tion chamber, insulation can be resorted to with advantage. 
Few of the commercial insulating materials can be sub- 
jected to temperatures above 1,800° F. A layer of refrac- 
tory, therefore, must be interposed between the flame and 
the insulating material. The thickness of this layer must 
take into account both the stability of the furnace structure 
and the maximum temperature which is permissible on the 
insulation. 

6 . Air Preheating 

The effect of preheating the combustion air is threefold : 

(a) The flame temperature is raised, resulting in in- 
creased heat transfer. 

{b) The rate of combustion is increased, thereby further 
facilitating the production of high temperature. 

(c) A considerable reduction in fuel consumption is 
brought about. 

There arc two systems in use for abstracting the waste 
heat from the flue gases and delivering it to the combustion 
air. These arc respectively recuperators and regenerators. 
In a recuperator the air and flue gas flow in separate ducts 
and heat is transmitted from the flue gas to the air through 
the dividing wall. With the regenerative system the air and 
flue gas flow alternately over the same surface. During one 



portion of the cycle the flue gas 
gives up heat to the surface, and 
for the remainder of the cycle this 
heat is ‘wiped off’ by the air. 

(i) Recuperation. For air tem- 
peratures up to about 800° F. a 
steel tubular air heater is suitable, 
provided precautions are taken to 
limit the pipe temperature to a safe 
figure. If higher temperatures are 
employed, the rate of scaling for 
mild steel increases rapidly. 

For higher temperatures a re- 
fractory recuperator should be 
used. There are a number of pro- 
prietary makes, all of which differ 
in regard to the design of the re- 
fractory elements from which the 
recuperator is constructed. Fig. 26 
illustrates the Chapman Stein re- 
cuperator. 

(ii) Regeneration. For high tem- 
perature furnaces in continuous 
operation the regenerative system 
is usually employed. 

Fig. 27 shows an orthographic 
projection of an oil-fired furnace 
with regenerators. The arrows in- 
dicate the air and gas flow when 
the burner ( 1 ) is alight. At definite 
intervals burner ( 1 ) is extinguished. 



Fio. 27. 
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burner (3) is put into action, and the direction of flow is 
reversed by turning the reversing vaJve (7) through an angle 
of 90°. The regenerators are indicated by (5) and (11). 

For the direction of flow shown, the burner (1) fires into 
the furnace (2) and the gases leave by the port (4), entering 
the regenerator chamber (5) which is packed with checker 
brickwork. The hot gases flow through passages in this 
brickwork and give up their heat. They then leave the 
regenerator by the flue (6) and pass the reversing valve (7) 
on their way to the chimney (8). 

The air required for combustion enters at (9) and flows 
by the flue (10) to the other regenerator (11) where heat is 
picked up from the brickwork. This heat had been given 
to the brickwork by the flue gases during the previous 
reversal. 

7. Viscous Fuels 

The types of burners described can handle all the fuel 
oils of commerce when suitable precautions are taken to 
provide any oil preheat which may be necessary. The 
heaviest grade sold is usually ‘Bunker C’, having a viscosity 
of about 6,000 sec. Redwood No, 1 at 100° F. Such a grade 
is burnt in large quantities under boilers in ships, utilizing 
pressure-jet burners with standard pumping and heating 
sets. 

Beyond Bunker C grade there is a varied number of 
heavy and viscous residues, refinery wastes, and asphalts. 
These do not usually find their way on to the open market, 
but are burnt at the oil refineries. The problems associated 
with the burning of such residues are more in connexion 
with the preparation of the fuel than with the actual 
atomizing apparatus. With such fuels as asphalt which are 
solid at ordinary temperatures, provision must be made for 
continuous circulation of hot oil. In addition there must be 
adequate facilities for draining any section of the pipeline 
or burner apparatus, as these must be cleared whenever a 
shut-down occurs. Temperatures as high as 200° C. would 
be required for asphalt, but when this temperature is 
obtained a normal pressure-jet burner functions adequately. 

Moderately heavy refinery residues such as Dubbs’s are 
frequently burnt quite successfully with low air pressure or 
rotary burners. Tliese residues must be heated to such a 
temperature as to reduce the viscosity down to approxi- 
mately 100 to 200 sec. Redwood No, 1. Althou^ the 
burners mentioned are successful under favourable condi- 
tions, on the whole at most refineries steam atomization is 
preferred, and a burner of the internal mixing type is usually 
chosen. In some cases the residue is propelled mechanically 
within the burner to assist uniform flow. 

Acid sludge and similar very difficult residues can be 
burnt by utilizing the steam-jet method of atomization, and 
again the internal mixing type is preferred. It is difficult to 
obtain really satisfactory combustion with such fuels, but 
the problem of disposal is usually so difficult that it is 
desirable to bum such fuels so as to save the high cost of 
dumping. 

8. Handling and Storage 

For storing fuel oil, tanks made from mild steel plate are 
almost invariably used. The steel should not be galvanized. 

Concrete tanks are occasionally used, but it is essential 
that the concrete should be coated with a suitable oil- 
resisting compound since by itself it is porous to oil. In 
any case the greatest care must be exercred to provide 
against cracks due to setting and ageing. 


Occasionally small storage tanks are buried underground, 
and although this method saves space, there arc several 
strong objections to it: 

(fl) It is almost impossible to detect a leak until it has 
grown to serious dimensions. 

(b) Sludge and sediment cannot be drained from the tank 
without a considerable amount of trouble. 

(c) Corrosion of the tank may take place. 

Some of the more important precautions to be taken in 
storing fuel oil are given below: 

(i) It is usually desirable when placing a storage tank 
within a building to surround it with a reasonably oil- 
tight catchpit capable of holding a minimum of, say, 80% 
of the contents of the tank, as a safeguard against a serious 
leak or the fracture of a valve. 

(ii) Each tank should have a vent of such a size as to allow 
rapid filling without undue pressure building up in the tank. 
The vent pipe should be led into the open air. 

(iii) Tanks in exposed positions where sharp frosts are 
likely to occur should have main valves of cast steel, pre- 
ferably lagged, while bends, tees, and similar fittings are 
better of wrought iron or cast steel. Cases have arisen 
where pockets of water settling out in cast-iron valves or 
fittings have caused fracture in severe frosts. 

(iv) On comparatively large storage tanks (say, 100 tons 
capacity and over) a valuable safeguard against the fracture 
of the main stop-valve of the tank is to have an internal 
foot-valve which can be operated by links from the out- 
side. 

(v) For large storage tanks on very poor or waterlogged 
foundations, there should be a flexible connexion in the 
main pipeline leading from the tank. 

(vi) Gauge glasses should not be used on storage tanks. 

(vii) The draw-off pipe from a tank is usually taken 
some distance from the bottom so as to leave a sludge 
space. 

(viii) A sludge or drain valve should always be fitted at 
the lowest part of a tank so as to facilitate removal of water 
or sludge at frequent intervals. 

Many burner systems are supplied with oil by gravity, and 
in these cases some form of service tank is required. This 
is arranged at a suitable height above the burner level. The 
capacity should be such that one day’s supply is stored, and 
the tank can therefore be filled at convenient intervals by 
a pump drawing from the main storage tank which is 
usually at a lower level. This pump is either hand-operated 
or motor-driven. In the latter case a float-operated switch 
can be incorporated which starts the pump when the level 
drops to a certain point and switches it off when the tank 
is full. Fig. 28 shows diagrammatically a simple gravity 
system for supplying a light fuel oil. 

When a number of furnaces have to be served from a 
common supply, it is frequently advisable to utilize a ring 
main in which oil is constantly circulated by a pump. This 
is particularly advisable when a heavy oil is in use which 
requires to be heated. By adopting the circulating system 
with correctly proportioned and insulated lines it is possible 
to obtain an oil supply to all the furnaces at a fairly uniform 
pressure and temperature. 

Fuel oil is heated with the following objects in view: 

(fl) to reduce the viscosity for pumping purposes; 

(6) to improve the burning characteristics in a furnace; 

(c) for cleaning purposes to facilitate the removal of 
water and dirt by settling or centrifuging. 

Very light fuel oils of the nature of gas oil require no 



2535 


THE INDUSTRIAL APPLICATION OF FUEL OILS, INCLUDING BURNER PRACTICE 


heating either for handling purposes or to improve the 
burning properties. 
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Fio. 28. Simple gravity supply system for a light fuel oil requiring 
no preheating. 

Fig. 29 shows two typical heavy fuel-oil installations in 
diagrammatic form. At A is indicated a system for use with 
moderately heavy fuel oil which is pumpable at ordinary 


temperatures. The oil flows from the main storage tank (1) 
through a filter (3) to the pump (4). It is then circulated 
through a line heater (6) and a further filter (10) to the 
burner control valves 01). A constant pressure can be 
maintained on the line by means of the valve (14) and a 
pressure gauge (13). This valve may be either manually 
operated or it may be a spring-loaded valve which can be 
set to discharge at a definite pressure difference. The 
surplus oil which is not used by the burners returns along 
the line (15) to the pump suction. 

Where a heavier fuel oil is in use which does not flow 
readily it may be necessary to install heating coils in the 
main storage tank, and furthermore it may be advisable to 
provide settling tanks. A diagram on these lines is shown 
in Fig. 29 b. In this case two pumps are indicated, one of 
which acts as a stand-by in case the other breaks down. 
Also with the arrangement shown one of the pumps can be 
used for circulating oil to the burners while the other is 
drawing oil from the main storage tank and pumping it into 
the settling tank. Nearly all fuel oil contains a small per- 
centage of water, and frequently this does not settle out 
until the oil is heated. It is therefore advisable with very 
heavy oils to provide tanks where the oil can be maintained 
at a constant temperature for some time before it is used, 
and a drain valve should be fitted at the bottom of the tank 
for drawing off water and sediment. This latter remark 
applies to all oil tanks whether they are to be used for light 
or heavy oil. For further details refer to Lubbock, ‘The 
Storage, Handling and Transmission of Liquid Fuel by the 
User’ [4]. 
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II. APPUCATIONS 
1. Domestic Uses 

(i) Central Heating. Oil fuel is used extensively for central 
heating in offices, factories, churches, hospitals, cinemas, 
and many other types of buildings, apart from the large 
field represented by private dwelling-houses. In some 
large public buildings the heating installation may be of 
the industrial type with the corresponding oil-burning plant. 
There is, however, at present an increasing tendency 
towards the use of the unit type of burner, completely 
automatic in action and operating under thermostatic 
control. This is the case with most dwelling-houses where 
oil is used, and the magnitude of this development will be 
realized from the fact that in the U.S.A. about one million 
automatic oil burners are installed for domestic use. These 
consume per annum approximately six million tons of 
central-heating oil, most of which would be classed as a 
gas-oil distillate. 

From the technical point of view, in these burners no 
new principles of atomization are introduced, the novelty 
of the development lying in the combination of burner, 
motor, fan, pump, and such-like into a compact unit includ- 
ing automatic control apparatus. The type of atomization 
which has been adopted by most designers is the pressure 
jet, owing to its simplicity of design, cheapness, comparative 
silence, and the constant metering provided by the final 
pressure-jet orifice. Although it is for the time being the 
most popular type, side by side with the pressure jet, the 
medium-pressure burner and the rotary have made steady 
progress. 

The chief feature of most of these burners lies in the 
provision of a thermostat or pressure sensitive device for 
automatically starting the motor and lighting the burner 
when heat is required. The burner is arranged to shut 
down when a given temperature or pressure is reached. 
Ignition is usually by electric spark from a high-tension 
transformer operating at about 10,000 volts. Other ignition 
means are successfully used, such as the fixed or expanding 
gas jet, the electric spark cum gas jet, and the resistor type 
of ignition rod. 

Linked with these units is an electric control system pro- 


viding safety devices against all contingencies including 
failure to ignite, loss of flame, failure of electric supply, loss 
of oil, and such-like. 

A very large number of electrical systems has been 
evolved for this purpose, which it would be beyond the 
compass of this article to describe in detail. The general 
principle on which most circuits operate can be followed 
from Fig. 30, where an instrument, which can be described 



Fjg. 30. Elementary wiring diagram with safety device 


generically as the ‘combustion safety device’, acts as the 
master controlling appliance. In most instances the com- 
bustion safety device is a ‘stack-switch’, ‘flue thermostat’, 
or equivalent instrument, which is affected by the formation 
of flame when the burner lights and thus initiates a cycle 
of operation in the remainder of the controlling circuit. 
This ensures that the burner cannot continue to run if 
ignition is not satisfactorily established or if the flame once 
formed should fail at any subsequent time. 

In all these circuits there is a timing device which controls 
the period during which the motor of the burner is allowed 
to operate before a safety lock-out occurs. One simple way 
of doing this is shown in Fig. 30 where the circuit to the 
burner motor passes initially through a resistance wire 
wound on a bi-metallic blade. If flame forms and the com- 
bustion safety device responds correctly by moving over 
from the ‘cold’ to the ‘hot* side, this path through the 



Fig. 31. 
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resistance element is short-circuited and a correct low resis- fully applied for many years past to the larger types of 

tance line is provided for the running current. If, however, cooking ranges. The outstanding development in this 

the combustion safety device does not function, due to some respect is for galleys of oil-fuelled ships where the same fuel 

fault, the current will continue to flow through its tempo- is utilized for the cooking ranges as for the boilers. On such 

rary path via the resistance on the bi-metallic blade, and ranges practically every type of burner is represented, the 

the latter, warping ultimately with the heat produced, will most common being the medium air pressure, 

throw the control system into its safety position where it In addition to ships, hotels and large private residences 
will be locked by some mechanical trigger device. frequently have their ranges fitted with oil-burning equip- 

ment, typical examples of which are 
shown in Figs. 31 and 32. 

Results in respect to oil consump- 
tion vary, of course, considerably 
according to the duty involved, but 
a typical example would be that of 
a large hotel where 40 gallons of oil 
per day were used for cooking against 
a reported previous coal consumption 
of J ton per day. 

In addition to the comparatively 
large ranges utilizing atomizing oil 
burners, small portable cooking 
ranges with modem wickless vapor- 
izing burners are coming into use on 
an increasing scale in different parts 
of the world. The burners usually 
chosen are those described in the 
early part of the article and illustrated 
in Figs. 3 and 4. 

2. Metallurgical Applications 

(i) Metal Smelting. 

(a) Tin. Oil fuel is used for most 
of the tin smelting carried out in the 
world. The more important works 
utilize regenerative furnaces with a 

Many timing devices have been proposed and used as capacity of approximately 25 tons of ore. The burners 

an alternative to the warping blade described above. One used are of the pressure jet type, reversals of firing taking 

very successful control system utilizes the expansion of a place as on a Siemens-Martin furnace. The amount of oil 

bellows filled with a special liquid, the bellows itself being used per ton of metallic tin is on an average 224 lb. The 

surrounded by a resistance winding. Other makers use outstanding advantage of oil fuel for tin smelting lies in 

clockwork mechanisms, small synchronous motors, and the low metallic losses in the waste gases, 

dash-pot devices to achieve timing conditions equivalent Smaller furnaces are also employed and they are usually 
to the warping blade. For more detailed accounts refer to fitted with a simple recuperator. Such furnaces would be 

Gollin, ‘Fuel Oil for Central Heating’ [2]; Lubbock, similar to Fig. 33, although this, as described below, was 

‘Industrial Uses of Fuel oil’ [5]; Tapp, Handbook of actually used for smelting copper. 

Domestic Heating [9]. On a typical furnace of this type the air was preheated to 

(ii) Domestic Hot Water. Burners of the same type as 250° F. A charge of 3 tons of ore resulting in 1*7 tons of 

described in the previous section arc used for domestic metallic tin was smelted in about 6 hours. The oil con- 

hot-water boilers. In the case of residences, considerable sumption was 14 gallons per hour. 

headway has been made with a system where one hot-water (b) Copper. Copper smelting is carried out with oil fuel, 
boiler, with its fully automatic oil burner, is used for pro- and Fig. 33 indicates a small oil-fired furnace used for this 

viding both central heating and domestic hot water. The purpose. The furnace is fitted with three low-pressure air 

most effective arrangement is that where a motorized valve burners and forced draught air directors. Cold air is passed 
is fitted on the heating flow main and placed under the con- through the burners for atomizing the oil, secondary pre- 
trol of the room thermostat or similar device for keeping heated air being delivered through the forced draught 

a constant temperature in the rooms. The burner itself is casing. 

then under the control of the water thermostat in the boiler. Fuel consumption varies with the size of the furnace and 

In winter, therefore, a demand for heat on the radiator side the air preheat. With small furnaces and cold air an oil 

would be met by the motorized valve on the flow main consumption of approximately 12% of the weight of charge 

opening at the response of the room thermostat. If this, has been recorded. This figure drops to about 8% with 

together with the demand for hot water (obtained from a large furnaces and preheated air. 

calorifier) resulted in a drop of boiler water temperature, 

the burner would be started up, assuming it had been shut 00 Sintering. 

down previously by a corresponding rise in temperature. Oil-fired sintering plants are in common use. The flame 

(iii) Cooking. Atomizing oil burners have been success- is formed above the surface of the finely divided ore, and 



Fig. 32. 
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the ore is burnt into a form of clinker which can be passed 
to the blast furnace, in the case of iron ores, or the distillation 
furnace for zinc ores. The furnace operates on the down- 
draught principle, and all the air for combustion is passed 
through the low-pressure air burner. 

(iii) Metal Melting. 

(a) Crucible. Metal melting in crucibles represents one 
of the earliest and most successful applications of oil fuel. 
The metals include brass, copper, gunmetal, bronzes, 
aluminium, lead, cast iron, and nickel. 

The arrangement normally employed is an oil burner 
usuaUy of the low air pressure type firing into the annular 


space surrounding a plumbago crucible. In the case of 
aluminium and lead this crucible is sometimes of cast 
iron. 

Typical results on a furnace of this type are given in 
Tables II and III below. 

Another development of interest in the same sphere is 
the bale-out furnace for melting and maintaining aluminium 
chiefly in conjunction with the die-casting industry. The 
operating results give an oil consumption of approximately 
5 kg. per hour to maintain 150 kg. of aluminium at casting 
temperature. When melting aluminium at the rate of 
150 kg. per hour, the consumption would average 12 kg. 
of oil per 100 kg. of metal. 


Table II 
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Duration 
of heat. 
Minutes 

Gallons 

lb. per i 
too lb. j 
of metal | 

Nature 1 

of 

charge 1 

Wt.of 1 
charge. 

lb. i 

Final 
wt. lb. 1 
or ~~ 1 

Metal loss 

lb. 1 % 

Heating up 

8 

57 

9 

27 

o 

3-5 

1 


i 




1 

9 

42 

11 

20 

98 

10-75 

■ 

8-61 ! 

; 

Brass ingots 
Cu— 60% 

Zn— 40% 1 

1,120 

- 11 

7-75* 

0-692 

2 

11 

34 

12 

47 


i 8-25 

6-62 

’• '• III 

1,120 ! 

-8 1 

7-75* 

0-692 

3 

1 

10 

2 

27 

77 

1 

1 

1 

: 

: 8-5 

1 

1 

1 

6-82 * 

Gunmetal ingots | 
Cu— 88% 

Sn— 10% 1 

Zn-2% 

1 1,120 

-12 i 

L ' 

2-325* 

1 

i 

0-2075 

4 

2 

1 

43™ 

11. 

29 

1 106 

11-75 

9-42 1 

Copper ingots 

1 IViio”" 

; -M 3 ft 

1 Ncgl 

igible 


Table III 
Aluminium 


Heating up 

9 

23 

9 

56 

33 

3-75 


. . 


. . 



1 

10 

3 

11 

5 

62 

6-5 

15-6 

Aluminium ingots 

375 

-4-25 

4-25 

1-133 

2 

11 

22 

12 

9 

47 

50 

11-98 

” *» 1 


-4-25 

4-25 

M33 

3 

12 

18 

12 

57 

39 

4-25 

10-18 

Aluminium scrapf 

375 

-24 

24 

6-4t 


* Figures marked thus were calculated. 

t The scrap was very oily and dirty, and many pieces were thickly painted. 

In connexion with Table II, some metal from the first three tests was taken up by the copper of the final melt, which explains the apparent 
increase in weight. 
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Results for melting other metals in crucibles are approxi< 
mately as follows: 


Lead . 

Brass, gunmetal, &c. 
Aluminium . 

Cast iron 
Nickel 


1 % weight oil to metal melted. 

6% to 10% weight oil to metal melted 
10% to 12% 

40% to 50% 

90% 


PRODUCTS OF PETROLEUM 

furnace. For most forging work at temperatures up to 
approximately 1,000° C., with non-recuperative Rimaces, 
about 10% of oil to weight of metal heated would he used. 
With recuperative furnaces it is possible to obtain con- 
sumptions as low as 6% for 900° C. to 1,000° C. down 
to 3% or less for temperatures not exceeding 600° C. 


(b) Open Hearth, Rotary, and Semi-rotary. Oil firing 
has been applied to open hearth steel melting furnaces, and 
for melting comparatively small charges of steel or iron, 
oil-fired rotary furnaces are in common use. Due to the 
speed of working, several melts can be obtained per day, 
and if required different metals can 
be dealt with during the same day. 

With the oil-fired rotary furnace 
high metal temperatures are pos- 
sible, thus simplifying the casting of 
intricate parts. In one case, charges 
of special cast iron were melted in 
from li to li hours, the metal 
being cast at temperatures of 
1,560° C. to 1,600° C. with an oil 
consumption of between 14% to 
17 % of the weight of charge. When 
used for superheating molten metal, 
tests gave oil consumptions from 
4i% to 8% of the weight of the 
charge and temperatures as high 
as 1,650° C. A full account of the 
operation of cast-iron furnaces is 
given by Faulkner [1]. 

Small open hearth furnaces are 
used for melting both ferrous and 
non-ferrous metals. A recuperator 
is fitted in the furnace flue and 
preheated air is delivered to a low- 
pressure air burner arranged to 
pass all the air required. 

When used for melting alumi- 
nium an oil consumption of ap- 
proximately 6% of the weight of 
the charge is obtained. For gun- 
metals a similar consumption figure 
is possible. This type of furnace 
is easy to handle, and gives very quick melting and low fuel 
consumption. 


(iv) Welding, Forging, and Bending. 

This important series of op)erations is carried out in a 
number of industries by means of the box type of direct 
oil-fired furnace. To obtain the temperatures usually 
associated with welding steel, fairly large metallic re- 
cuperators are fitted to give an air preheat of 200° C. to 
400° C. Higher preheats can, of course, be obtained, but 
this would necessitate refractory recuperators. 

Oil-fired welding furnaces are used in the manufacture 
of steel pipes and conduit, railway material, chain links, 
and similar parts. 

A wide variety of forging processes lend themselves to 
the use of oil fuel. The smaller types of furnaces are used 
for such processes as rivet heating, nut and bolt making, 
drop forging, and for general smith-shop work. Larger 
furnaces are required for heating plates, bars, angles, pipes, 
&c., in boiler works and shipyards. 

The oil consumptions obtained depend very considerably 
on the temperatures and method of operation of the 


(v) Heat Treatment. 

(a) General Furnaces. The intermittently fired muffle or 
semi-muffle is used freely at motor-car works and similar 
factories, and these are readily fired by oil burners. 
Continuous furnaces are being increasingly used for this 



class of work. These again are readily fitted with oil 
burners which are also capable of being controlled auto- 
matically in accordance with the temperature required. 

(b) Salt Baths. Salt-bath furnaces are particularly success- 
ful in connexion with ‘ Y’ metal and other special alloys for 
the aeroplane industry. Test figures on a small bath of this 
type gave an oil consumption of 58 gallons against a previous 
town gas consumption of 17,400 cu. ft. for the same duty. 

(vi) Galvanizing and Tinning. 

(a) Galvanizing. The latest arrangement of a furnace 
for the continuous sheet galvanizing bath is shown in Fig. 
34. It will be seen that a single burner is now employed 
instead of two firing opposite to each other at one end of 
the bath, which was the common practice till recently. In 
addition, the gases are taken under the galvanizing bath at 
the end of their travel, and this has not proved detrimental 
in respect to dross disturbance. To prevent burning out of 
the bath proportional protection has been applied along 
the sides, while in addition the flue gas passages have been 
designed to give approximately the same heat transference 
coefficient at every stage. 
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The oil consumption depends upon the gauge of sheet 
and the rate of throughput, but an average figure is 40 lb. 
of oil per ton of sheet. 

An arrangement of oil firing for a small dipping galvaniz- 
ing bath is shown in Fig. 35. The oil consumption is 0-33 
tons per week for an output of 6 to 7 cwt. per day of 8 
hours. The bath life is 2 years against 2 to 6 months with 
coke. 

(b) Tinning Furnaces. Oil fuel has been successfully 
applied to tinpot furnaces for the manufacture of tinplate. 
An average oil consumption of 1-8 lb. per box has been 
obtained at a works where the previous figure was 4-52 lb. 
of coal per box. 

(vii) Roll Heating. 

An interesting application of oil burners is the heating 
of sheet rolls preparatory to operations after the week-end 
shut down. This is carried out in a number of works, 
utilizing the open flame type of medium air pressure 
burner. Fig. 36 shows how this work is carried out. On a 
6-hour shift for one set of rolls the oil consumption was 
approximately 36 gallons. 


Circular down-draught kilns are 
employed in many works, and 
Fig. 37 shows a modern oil-fired 
kiln of this kind. There are four 
combustion chambers or fire- 
mouths placed tangentially and 
so arranged as to give a uniform 
distribution of heat inside the kiln. 
The products of combustion leave 
the combustion chambers and pass 
over the continuous bag-wall. A 
portion of the gases passes through 
ducts under the floor, entering the 
kiln through the centre ‘well-hole’. 

A time-temperature curve of the 
firing obtained on a kiln as de- 
scribed is shown in Fig. 38. It will 
be noticed how closely the tempera- 
ture curve approaches the straight 
line required for this class of work. 
The oil burners are of the low- 
pressure air type with natural draught air directors. 
Additional secondary air can be admitted through ducts 
as shown. 

The firing of pottery ware is usually a slow ‘cooking’ 
process which can only be hastened to a limited extent. 
In certain cases, such as firing small electrical porcelain ware, 
comparatively rapid heating is employed, and oil shows to 
particular advantage under these conditions. 

Muffle kilns are sometimes employed for glost or 
enamel firing. Providing the kiln is correctly designed 
and the muffle surface proportioned to the heat input 
rate, very even heating can be obtained throughout the 
charge. 

For the production of large quantities of clay ware of 
uniform kind, continuous tunnel kilns are in common use. 
The goods to be fired are passed slowly through and are 
preheated and brought up to the firing temperature in the 
first half and slowly cooled during their passage through 
the second half of the tunnel. The direct or open fire 
tunnel kiln is the simplest form, but the muffle kiln is used 
for certain class of work. 


in. GENERAL INDUSTRIAL 
USES 

1. Pottery Kilns 

There are many different types of 
pottery kilns, some working on the 
batch or intermittent output, others 
on continuous production. The gas 
flow can be either up-draught or 
down-draught. Practically without 
exception all these kilns can be 
satisfactorily oil fired. The rate of 
temperature increase is very im- 
portant in firing pottery ware, but, 
providing ordinary care is taken, 
any desired time-temperature curve 
can be obtained. It is also a simple 
matter to control the atmosphere 
inside the kiln. 

Only the most common types 
of kilns will be considered here. 



Fig. 39. End elevation. 
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2. Brick Kilns 

The firing of bricks and tiles is similar to firing pottery 
ware, and kilns of the intermittent or continuous type are 
employed. Fig. 39 shows a small rectangular kiln arranged 
for oil firing. This kiln would hold approximately 10,000 
standard bricks. The burners are of the medium-pressure 
air type and must be so designed that they can operate over 
a large consumption range. During the initial stages of 
firing, the temperature must increase very slowly, which 
necessitates working the burners at very low individual 
rates of oil consumption. After the ‘water smoking’ period 
the consumption rate can be increased. Only a small 
amount of air is passed through the burner for atomizing 
purposes, the remaining air being admitted beneath the 
burner and into the combustion chamber through openings 
in the floor. 



Vi/ 'VRy/* 

^ m fK‘ 

Fig. 41. Sectional elevation through firing hole and hot-air duct. 

In addition to continuous kilns of the tunnel type, the 
continuous chamber or ‘Hoffman* kiln can be oil fired in 
quite a simple manner, and Figs. 40 and 41 show such 
a kiln. Cold air is allowed to enter at a chamber where the 
bricks have already been fired. This air passes through the 
cooling bricks in two or three chambers, and thus becomes 


temperature, and total firing time. In some cases coke 
breeze is mixed with the clay, and this reduces the amount 
of fuel required to fire the brick. On the whole an average 
figure would be from half to one-third the amount of coal 
for a similar brick on a similar type of kiln. 

Certain classes of bricks have to be dried before they can 
be stacked in the kiln. At some works these bricks are 
dried in the open. A more modern method is to employ 
drying sheds which are heated with a mixture of air and the 
products of combustion from an oil-fired furnace. Fig. 42 
shows the type of furnace used for this purpose. The 
combustion chamber is designed so that combustion can be 
completed before the gases mix with the cold air which 
enters along each side. This furnace is designed to supply 
10,000 cu. ft. of air per minute heated to 200"" F. on an oil 
consumption of 10 gallons per hour. For further details 
see Lubbock, ‘Oil Fuel in the Brick Industry’ [6]. 


3. Glass 

For the production of standard shaped articles (e.g. 
bottles, jars, &c.) and also for plate glass, large tank fur- 
naces are employed. Oil firing has made great headway in 
the glass industry, since the tanks can be operated at high 
rates of output. This reduces materially the initial capital 
outlay on the tank itself. In addition there is the further 
saving in both capital and maintenance charges due to the 
elimination of producers. With oil fuel it is possible to 
liberate in the f^umace more B.Th.U. per cu. ft. of space 
than with producer gas. The volume above the glass can 
be reduced, which, in turn, reduces the amount of brickwork 
surface forming the side walls and hence the radiation 
losses. For large outputs and economical working it is 
usual to employ furnaces working on the regenerative 




highly preheated. It is then available for combustion pur- 
poses in the chambers which are being fired. Advantage is 
taken of this highly preheated air, and the amount of cold 
air introduced through the burner is kept to a minimum. 
Burners of the medium-pressure air type are therefore em- 
ployed. Referring to Fig. 40 it will be noticed that combus- 
tion chambers are formed between the stacks of bricks to 
be fired. The burner must be capable of throwing a flame 
the full length of the combustion chamber without impinge- 
ment on the side walls. It is usual to employ, say, three or 
four burners per kiln, and these are moved from chamber 
to chamber as the firing proceeds round the kiln. 

The oil consumption per 1,000 bricks depends on many 
factors, such as the type of clay employed, the firing 


principle. In this case the amount of cold air for atomizing 
the oil must be kept at a minimum, and medium air or high- 
pressure air burners are employed. In certain cases pres- 
sure-jet burners have been used, but burners of the air 
atomizing type appear to give greater satisfaction in service. 
It is only necessary to install one regenerator chamber on 
each side of the furnace as compared with two required 
with producer gas fired furnaces. When melting flint glass, 
rates as high as I ton of glass per 24 hours per 9 sq. ft. of 
melting end surface can be obtained. Tank furnaces have 
been operated at higher rates, but these are not usually 
maintained for long periods. It is possible to ‘pull’ 5 tons 
of molten flint glass per ton of oil burnt. 

When the output of glass required is small, recuperative 
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furnaces arc employed. The recuperator can consist of 
loops of steel piping arranged in the furnace flue. 

In accordance with the general principles of air pre- 
heating mentioned previously, refractory recuperators are 
used on glass tanks when the temperature conditions 
necessitate this. 

The temperature of the preheated air on recuperative 
furnaces is usually lower than on regenerative furnaces. 
As a consequence, the flame temperatures are somewhat 
lower, the rates of output are not so high, and the oil 
consumption per ton of glass is greater. 


but for bread baking in steam-tube ovens of the draw-plate 
type 1 J to 2 gallons of oil per sack of flour (280 lb.) is a 
common figure. 

Travelling or continuous ovens arc usually more efficient, 
and figures of 1 gallon of oil per sack have been recorded. 
Fig. 44 is the rear view of a continuous oven, showing the 
oil burners and oil-firing equipment. 

Ovens used for baking special biscuits and certain classes 
of cereal food are also oil fired. The oil consumption is 
approximately 9 gallons per hour for an output of 1,000 lb. 
of biscuits per hour. 



Fig. 43. 


Pot furnaces are employed in the manufacture of special 
quality glass, and while the majority of the existing pot 
furnaces are fired with producer gas, great headway has 
recently been made in adapting oil firing for this type of 
furnace. Fig. 43 shows a 4-pot glass furnace with a burner 
of the medium-pressure air type arranged to fire down 
through (he crown of the funiacc towards the eye. Secon- 
dary air is preheated in the recuperator and enters the 
furnace through the eye, combustion taking place just 
above this ooint. 

In addition to the various types of furnaces employed 
for melting glass the annealing lehrs are usually oil fired. 
The modern lehr has been improved by careful use of 
insulation and arrangements whereby the heat of the 
incoming glass ware is conserved to help in the annealing 
process. Tests on a series of large lehrs have given an oil 
consumption of 80 gallons per 24 hours for an output of 
20 tons of glass. 

4. Bread Baking 

There are many different types of ovens employed for 
baking bread, but in the majority of cases oil fuel has been 
adopted with very satisfactory results. The a^ ^ount of fuel 
required varies with the type of oven and the class of work. 


5. Enamelling and S toying 

Vitreous enamelling is employed to an increasing extent 
in the manufacture of cast-iron baths, gas stoves, weighing- 
machine parts,&c. The enamelling is carried out in a muffie, 
and oil fuel is employed widely for this type of furnace.’ 
The burners used are of the low-pressure air type having 
a consumption range of from 8 to 14 gallons per hour. 
Secondary air is admitted through the director. The 
burner fires into a combustion chamber placed beneath 
the muffle so that the gases leave at the end of the com- 
bustion chamber and pass up the muffle on each side. The 
gases leave the furnace at the lowest point on each side 
of the muffle at the end opposite to the charging door. 
Muffles have to operate under very exacting conditions, and 
the advantages with oil are in the uniform temperature 
obtainable. In addition the absence of dust saves spoiling 
the enamel surfaces. 

Stove enamelling or japanning requires an oven or stove 
in which the articles to be stoved can be placed and the 
varnish^ dried on and hardened. Intermittent work can 
be carri^ out in small ovens which are supplied with 
heated air from an oil-fired air heater. In certain cases the 
oven can be heated directly by the products of combustion. 
For stoving standard articles, such as mudguards and the 







Fig. 47. Oil-fired road heater 
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wheels of motor-cars, oil-fired continuous ovens arc usually 
employed, which are supplied with hot air from an oil- 
fired furnace. A stove of this type gave an output of 75 
motor-car mudguards per hour on an oil consumption of 
6i gallons per hour. 

Oil-fired furnaces are employed in the manufacture of the 
frit required for vitreous enamelling. Frit is used to form 
the gloss or enamel on the surface of metal parts, pottery, 
&c., and is made from various materials, such as flint, fluor- 
spar, metallic oxides, &c., which arc mixed together in the 
dry state and melted. Average figures obtained on a num- 
ber of different furnaces give an oil consumption of 16% 
to 25% of the weight of the charge. 


6. Pot Furnaces for Varnish, &c. 

There are many different trades in which pot furnaces 
arc employed, such as varnish manufacture, sugar boiling, 
jam making, &c., in which temperature control is of the 
utmost importance. A charge consisting of 675 lb. of lin- 
seed oil in a cast-iron pot weighing 420 lb. was raised from 
40° F. to 600° F. in 70 minutes with an oil consumption of 
4 gallons per hour. The pots are frequently removed 
from the setting and the furnace draught is broken. It is 
usual to employ low-pressure air or rotary burners. In 
the event of the varnish being overheated fires are liable to 
occur if the pot boils over. The ease with which the oil 
flame can be regulated enables the charge to be brought up 
to the correct temperature without risk of overheating, but 
should the operator allow the charge to become over- 
heated and a fire occur the oil burner can be turned off by 
a remote control. 

For sugar boiling and jam making small oil-fired units 
as shown in Fig. 45 are in common use. 

A few typical results arc: 


Weight of charge 

Final 1 
temperature^ 

Melting 

time 

\ 

Oil consumption 

60 lb. sugar glucose 

320° F. 1 

1 20 min. 

2 gall, per hr. 

56 Ib. sugar . . . i 

320° F, 

19 min. 

2 gall. p)cr hr. 


In another case a pot having a capacity of 22 gallons was 
converted to oil firing. The melting time with gas was 
75 minutes and with oil fuel 15 minutes. 


7. Rotary Kilns 

(a) Portland Cement. Cement is usually produced in 
rotary kilns which can be satisfactorily fired by oil fuel. 
Different oil-burning systems are used, such as a single large 
locomotive type of steam-jet burner, one or more com- 
pressed-air burners, a single pressure-jet nozzle, and recently 
one large low air pressure burner. 

The oil consumption for a given weight of clinker varies 
considerably with the process used, the type of cement 
burnt, and the size of kiln. The direct fuel consumption is 
usually equivalent, on a B.Th.U. basis, to the coal figure 
for the same kiln and cement. Large savings in other direc- 
tions can be obtained by lower initial capital cost and by 
the elimination of coal handling, drying, and pulverizing. 

(b) Sand Drying. Fig. 46 shows the arrangement of an 
oil-fired sand dryer, the sand being used in the mnaufacture 
of facing tiles and bricks. The burner used in this case is of 
the rotary type. For an output of 20 tons of sand per 8-hour 
day the oil consumption is 60 gallons. 


8. Vertical Kilns 

Vertical kilns are used in the manufacture of cement, 
lime, hard plaster, &c. In such kilns care must be taken to 
ensure that the material charged is not so small as to im- 
pede the free flow of the products of combustion or so 
large that the centre of the lump remains unburnt. The 
gypsum is heated to a temperature of 1,200° F. (650° C.) 
and an output of 60 tons per 1 32 hours with a correspond- 
ing fuel consumption of 92 lb. of oil per ton has been 
obtained. 

9. Crematoria 

The chief requirements for the design of a crematorium 
furnace are as follows: 

(a) The furnace should be capable of being heated 
rapidly to a temperature of about 2,000° F. 

(h) The cremation should be carried out as quickly as 
possible and without formation of smoke. 

(c) Easy access for the removal of ashes must be arranged. 

The fuel consumption on different types of furnaces 
varies from 12 to 25 gallons per cremation, depending to a 
great extent on the interval between successive cremations. 

10. Air Heaters 

Many drying processes are carried out with hot air sup- 
plied from oil-fired air heaters. For tea drying, sectional 
air heaters arc frequently used, and these can be readily oil 
fired. For heating 2,(XX)cu. ft. of air per minute from 60° F. 
to 570° F. an oil consumption of approximately SJ gallons 
per hour is required. 

11. Road Making 

(i) Macadam Plants. There are many types of plants 
used in the preparation of road material, most of which 
arc self-contained travelling units. The central portion of 
such a plant consists of a rotating drum into which is fed 
stone, sand, and other materials. A supply of bitumen or 
tar at the proper temperature is added to the materials at 
a later stage. These rotary drum plants fall generally into 
two categories, i.c. either they are externally heated from 
a box-shaped furnace under the drum, the gases being 
drawn subsequently through the drum itself, or the rotating 
drum is directly fired along the axis. 

The advantages of oil fuel for this class of work lie in the 
fact that road material can be prepared as and when 
required. Consumption figures vary widely according to 
the class of material, the percentage of moisture, and the 
temperature. With stone and sand which are worked at 
high temperatures of about 350° F. the oil consumption is 
between 0-8% and 1*4% by weight of the dried material. 

The low-temperature plants now in use for bituminous 
macadam operate with the material brought up to 150° F. 
instead of 350° F. The oil consumption is therefore much 
lower, an average figure being 0’2%. 

(ii) Road Patching and Melting. Portable oil-fired plants 
are now being used for melting patches of asphalt road 
surface, so that new aggregate can be rolled in while the 
surface is plastic. In some cases melting to a shallow depth 
is merely used for imparting a non-skid surface, by raking 
over the softened sections with steel wire brushes or similar 
appliances. 

The actual heater is arranged either with a horizontal or 
vertical burner. In the latter case the flame is projected 




F.g. 46. Oil-fired sand dr>'er. 
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downwards from the apex of a hollow box, approximately 
in the form of a trapezium. In addition to an air com- 
pressor or high-pressure fan for atomizing purposes, a low- 
pressure or ‘volume’ air fan is fitted so that it is possible 
to obtain any required gas temperature at the road surface. 
The desideratum does not consist so much in having 
extremely hot gas reaching the road, as a comparatively 
large volume of gas at 500° F. to 1,000° F. according to the 
class of work involved. The area at the base of these 
appliances is of the order of 6 ft. by 6 ft., or on small 
machines 4 ft. by 4ft., so that fairly large patches of 
road can be dealt with rapidly. Fig. 47 is an illustration 
of one of these heaters fitted with Laidlaw Drew oil 
burners. 


12. Gas Enriching 

The principles of operation of gas-enriching plants are 
well understood. The usual enrichment of water gas from 
300 B.Th.U. per cu. ft. to 500 B.Th.U. per cu. ft. is obtained 
with approximately 1*5 gallons of oil per 1,000 cu. ft. of 
finished gas, the increase in volume being approximately 
12% based on the final volume produced. An average 
analysis of enriched gas is as follows: 


Hydrogen .... 370% 

Methane .15*0% 

Hydrocarbons 7-0% 

Carbon monoxide . 30*0% 

Carbon dioxide . . 5*5 % 

Nitrogen . . . .5*5% 
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UTILIZATION OF FUEL OILS FOR STEAM-RAISING PURPOSES 

By J. S. S. BRAME, C.BE., F.I.C., F.C^. 

Alexander Duckham &. Co.^ Ltd., London 


Although oil was obtained on a small scale centuries ago, 
and in Burma in considerable quantities, by primitive 
methods, the ‘oil age’ is generally regarded as commencing 
with Colonel Drake’s discovery at Oil Creek in 1859. But 
a few years later attempts to use the heavier residues for fuel 
were made, then Simm and Barff (1865-7) carried out exten- 
sive trials and Dorsett (1868-9) endeavoured, with but little 
success, to use heavy oil by gasification in a chamber 
external to the furnace proper. 

Some of the pioneer work in utilizing oil as fuel was 
carried out in Russia, where the first oil monopoly was 
granted in 1872. 

In the early days of the industry kerosine was the all- 
important product, and after topping off the fractions 
which could be used for its production a considerable 
volume of heavy residue, often as much as 60% of the 
crude, remained, and it was a natural outlet for this to be 
used as a fuel; at first in producing countries. 

Naturally the adoption of liquid fuel in countries where 
importation was involved was not so general, but for marine 
purposes the outstanding advantages of liquid fuel over 
coal for boiler use have led to its almost universal adop- 
tion for naval vessels and in the larger vessels of the mer- 
cantile marine. So much has this been the case that some 
of the largest liners built for coal burning were converted to 
oil firing at a cost of many thousands of pounds. The first 
entirely oil-burning destroyer of the Royal Navy was in- 
troduced in 1907; the first all-oil battleship was the Queen 
Elizabeth (1918). 

For railway use, as would be natural, the oil-producing 
countries were pioneers, and in some, like Mexico, where 
imported coal fuel was used the discovery of oil led to its 
complete replacement by oil fuel. Although at the time of 
coal strikes oil-fuel fired locomotives have been temporarily 
adopted in this country, its use for this purpose is excep- 
tional. It is worthy of record, however, that, owing to the 
enthusiasm of Mr. Holden, and the favourable price of tars 
and tar oils, there were 80 locomotives, out of 1,200, 
operating on the Great Eastern Railway in 1903, but the 
number had fallen to 6 only by 1909. 

In some cases oil was burnt in conjunction with coal, 
and the following comparative results were recorded. Per 
mile, coal 1 1 lb. plus oil 12-2 lb., total 23-2 lb; 9 other coal- 
burning engines on the same route averaged 34 lb. coal. 
According to A. F. Bailey [1 , 1921 ], a locomotive operating 
the passenger train service between London and Birming- 
ham had an oil consumption of less than 1 gallon per 100 
ton miles. 

Alarm is not infrequently expressed at the growing use of 
oil fuel in place of coal in this country, but in fact the actual 
replacement need not cause apprehension. Approximately 
75 million tons of coal arc used annually for power pro- 
duction, whilst the heavy fuel oil imported and home refined 
from crude oil is but little over three million tons, and of 
this over 50% is used as ships’ bunker oil. According to 
the Oil News (1 1 May 1933) the following are the quantities 
used in the several industries: 


Consumption of Fuel Oil {1933) 

1.575.000 tons 

375.000 „ 

205.000 „ 

90.000 „ 

80.000 ,. 

600.000 ,, 

2.925.000 tons 

It is difficult to assess this oil consumption in terms of coal, 
on account of an unknown proportion being used as fuel 
for compression-ignition engines, but assuming on an 
average that 1 ton of oil is equivalent to 1 *75 tons of coal, 
the coal equivalent is about 5i million tons. 

Advantages of oil compared with coal are as follows: 

1. Higher calorific value 19,000-19,500 oil— 12,500 coal. 

2. Better stowage value — average for oil, about 38 cu. ft. 
per ton; coal, about 43 cu. ft. — which taking into account 
the relative calorific value gives, approximately, an ad- 
vantage to oil of 1*74/1 per unit of stowage space. 

3. Owing to maintenance of steady combustion condi- 
tions there are not the losses of sensible heat units as with 
coal fires, particularly with hand firing. Consequently, 
a higher evaporation efficiency is attained than that 
merely arising from the higher calorific value. 

In the case of the Aquitania with coal firing, 28 out of 168 
furnaces were cleaned every watch, the approximate loss 
of heat units per 24 hours being estimated to be equivalent 
to 8,000 h.p. 

4. Absence of non-combustible matter (ash and mois- 
ture). Consequently, disposal of ashes, with accompanying 
dirt and dust, is obviated (a factor of importance particu- 
larly in marine work). 

5. Handling of fuel oil, entirely by pumping, reduces 
labour to a minimum. Because of its mobility the delivery 
of fuel oil is much more expeditious; in emergency it is 
possible to pump from a tanker into the oil tanks of a 
warship. The dirt entailed in coaling is overcome. 

6. Coal bunkers have to be suitably placed to discharge 
conveniently for firing. On the other hand, oil tanks may 
be situated in any convenient position; on shore, under- 
ground, thus saving space; on board ship, in fore and aft 
compartments or in the double bottoms. Much valuable 
cargo space may thus be rendered available. 

7. Reduction of boiler-room staff follows on several of 
the above-mentioned advantages. 

Available Liquid Fuels. Apart from questions of cost, 
fuels from the following sources are available; petroleum, 
shale oil, tars and tar oils from the carbonization of coal, 
tars from water-gas plants, and tars from producer-gas 
plants using bituminous coal. The two latter are used only as 
an economic means of disposal. Coal tar and tar oils have 
practically gone out of use, better use can be made of them 
in other ways, and the demand for road tar, pitch, &c„ has 
caused such an advance in price that their use as fuel for 
burning is seldom warranted. In 1909 the value of tar was 
105. 9d. to 145. 9d. per ton; by 1913 it had risen to 285. 6rf. 


Ships* bunkers (including naval) 
Metal trades and glass . 

Central heating (public and private) 
Steam (industrial) . . . . 

„ (public buildings) 

Other uses 
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to 335. ; at the end of 1934 it was 255. to 285. The develop- 
ment of large-scale hydrogenation of tar oils and low 
temperature tars, for the production of motor fuel, with 
the other factors mentioned, will make the future use of tars 
as boiler fuel oil quite uneconomical. 

At one time the heavier portions of shale oil were used as 
fuel oil for burning. They were of much higher grade than 
the usual residue fuel oils from petroleum, being practically 
free from asphalt. Since the rapid development of the 
compression-ignition engine the advantages of shale oil are 
such that the use for steam raising is quite uneconomical. 
Moreover, the production in recent years has very con- 
siderably declined. 

Petroleum Fuel Oils. Since the practically universal 
requirement that fuel oil shall have a closed flash-point not 
below 150° F., the available oils from this source are 
residue oils. Further, since the residue oils from the 
higher-grade crude oils yield more valuable products in 
the form of Diesel oils, gas oils, lubricating oils, and often 
paraffin wax, broadly speaking it is from the more asphaltic 
types of oil that the fuel oils are produced. 

Before fuels of high vapour pressure were in demand for 
internal-combustion engines large quantities of crude oil 
were left exposed to the sun and wind to evaporate off the 
then valueless lighter components, the residue constituting 
‘fuel oil’. The process was known as ‘sunning’. 

Later the recovery of these lighter fractions was achieved 
by the simple distillation process of ‘topping’. Details of 
the current practice in the distillation of crude oils are dealt 
with elsewhere, to which reference should be made. Here 
it will only be necessary to consider the requirements of 
fuel oil, and these are very few, since almost any residue may 
be burnt, and it becomes therefore largely a question of the 
requirements to render their use free from fire and explosion 
risks. 

Flash-point. As previously mentioned, for purposes other 
than use in warships the closed flash-point is almost 
universally accepted as not below 150° F. 

For naval use a higher flash-point has been regarded as 
necessary, but experience has gradually enabled the flash- 
point to be reduced to 175° F. with the exception that for 
the more fluid oils the figure of 200° F. is laid down. 

Viscosity. This is of primary importance from the point 
of view of handling by pumps, since from the burning aspect 
the viscosity may be satisfactorily reduced by the prelimi- 
nary heating just prior to use. 

Largely the viscosity is determined by the asphalt content. 

For the more viscous oils the standard Redwood and 
Saybolt viscometers had too slow a period of flow, and their 
design was accordingly modified to increase it in special fuel- 
oil patterns to ten times the rate. To-day, therefore, the 
viscosity is measured in the Redwood II (I.P.T. Serial 
Designation LO. 8) and Saybolt ‘Furol’ instruments 
(A.S.T.M. Serial Designation E.D. 88-33). 

Little else is required beyond that the fuel oil shall be 
reasonably free from water and adventitious matter, which 
would lead to unduly rapid clogging of the filters in the 
system, or, escaping these, the blocking of the orifices of 
the sprayers. The calorific value is amply covered by the 
general requirement that the oil shall be wholly of petroleum 
origin. 

For marine use it is usual to specify a limit for the sulphur 
content. At one time it was thought the sulphur gave rise 
to corrosion in the uptakes, funnels, &c., but the real 
objection is the high percentage of sulphur dioxide in the 
funnel gas. In passenger steamships this, under certain 
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conditions, made the atmosphere of promenade decks 
most unpleasant; in naval vessels the fighting tops, &c., 
became untenable. The Admiralty requirement limits the 
sulphur to 1-5 %. 

American specifications have been issued for several 
grades of fuel oil, but two only are of importance for steam- 
raising purposes; these are as follows: 



1 

Water and 

Viscosity 


Flash-point 

sediment 

Saybolt ^FuroF 

Class 

(minimum) I 

(max,) 

(max.) 

Bunker B 

! 150° F. 

i 10% 

100 sec. (122'’ F.) 

Bunker C 

j 150° F. ! 

Water 1-75% 

j 300 sec. (122" F.) 


I Sediment 0-25 % j 


The Burning of Fuel Oil 

The ideal for perfect combustion would be the pre- 
liminary conversion of the liquid into vapour, and although 
this is practicable with light oils, for those heavier oils 
now employed all such systems are impracticable, on 
account of cracking and carlx)n formation in the vaporizers. 

The next finest state of subdivision is in the form of a 
mist or spray, easily ignitable with air, so that combustion 
is almost perfect. The spraying of the oil is frequently 
referred to as ‘atomization’, a term perhaps expressive, 
but open to scientific criticism. In steam raising conditions 
arc less favourable to perfect combustion than in the case 
of ordinary furnace heating, where the high wall tempera- 
tures are favourable to perfect combustion, even with a 
fairly coarse spray. The big temperature difference between 
the plates or tubes in a boiler and the flame tend to check 
combustion unless it is nearly or quite completed before 
the flame reaches cool surfaces, and bad smoke will result. 
This is especially the case when lighting up. 

Three systems of spraying or atomizing are in use — air, 
steam, and mechanical spraying. The first-named is used 
in steam practice only for small boilers, such as those used 
for starting up the main plant, and in ‘donkey’ boilers for 
marine purposes. Statements vary on the relative efficiency 
of the air, steam, and pressure systems; much depends, 
naturally, on the design of the units. According to Ker- 
mode the efficiencies are: air, 78-83; steam, 68-74; pres- 
sure, 70-75%; whilst A. F. Baillie [1, 1921] gives 80 (air), 78 
(steam), and 85% (pressure). 

Steam Sprayers. These have been very widely used and 
present special advantages such as simplicity of outlay and 
minimum space occupied. The spraying agent is also avail- 
able in adequate amount and at any required pressure 
once steam has been raised. With many earlier types of 
sprayers the steam was allowed to jacket the oil supply 
and help in heating up the oil. 

For locomotive work steam atomization has the definite 
advantage of economy of space, due to simplicity. 

Drawbacks to the use of steam are: (1) the considerable 
loss of water as steam in the flue gases, (2) the necessity for 
some small auxiliary supply for starting-up purposes. 

Since in general the steam is taken off from the main 
supply, reliable data on its consumption is difficult to 
obtain, but from the extensive series of tests made by the 
U.S. Navy Fuel Board, using a small independent boiler, 
the average requirement was 0*6 lb. per lb. of oil. The 
steam lost is equivalent to about 4-5% on the total gene- 
rated. This loss is not serious in most cases of shore prac- 
tice, but for marine purposes has definitely ruled steam 
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spraying out since the introduction of marine boilers for 
the ‘make-up’ of which evaporators have to be employed. 

Extravagant claims were at one time made for steam as 
materially assisting the combustion process, but as steam 
is one of the most efficient methods of extinguishing oil 
fires, it is impossible to reconcile this 
with any helpful action in combustion. 

In fact steam displaces valuable air, and 
one effect definitely must be to increase 
the flame diffusion. 

The Wallsend-Howden Sprayer (Fig. 

1) is a good example of the modern type. 

Mechanical Sprayers. These are of 
two types: (1) those in which the oil 
stream is disintegrated by forcing under 
pressure through suitable small orifices, 

(2) those in which some mechanical 
baffle or rotating part breaks up the 
oil stream. For boiler practice only 
the former calls for description. 

For steam-raising purposes, pressure 
sprayers have largely replaced steam-operated sprayers 
for shore use and entirely for marine purposes. TTieir 
advantages lie in their efficiency, in the use of pumps the 
steam from which can be returned to the boiler feed, and 
in their general compactness. 

The principle on which all these pressure sprayers are 
constructed is in forcing the oil at sufficient velocity 
through orifices so arranged that the oil finally escapes 
through a single orifice with a powerful swirl, which deter- 
mines its breaking up into a fine mist. 

The viscosity of the oil at the temperature 
of its emergence from the jet plays an im- 
portant part in determining the degree of 
subdivision, and for this reason the oil is 
always heated. Once the plant is operating 
there is no difficult in this, but for starting 
up it is generally necessary to provide some 
auxiliary heaters. One form of sprayer for 
marine purposes which enables a start to 
be made with cold oil is that made by 
J. Samuel White & Co. (Cowes) (Fig. 2). 

A small hand or electrically driven pump 
provides the pressure, and except for oils of 
viscosity higher than 900 sec. (Redwood I) 
at or about 60° F. no heating is required. 

A small auxiliary heater is provided for 
more viscous oils. The central spindle D is 
coned at the end and carries outside this a 
projection, the position of which in relation 
to the orifice can be altered by the hand 
unit at the other end. For ‘cold’ spraying 
it is kept just outside the orifice, acting as a 
mechanical baffie to the oil stream passing 
tangentially between the orifice plate A^and 
the slot plate C. After the plant has heated 
up, the spindle D is drawn back and the 
sprayer acts in the usual manner. The ‘ hot ’ 
type sprayer has no central spindle. 

The Wallsend-Howden sprayer (Fig. 3) 
has been installed in many of the largest 
liners. The oil is forced through holes which 
are drilled nearly tangentially through the 
diaphragm A causing the oil to swirl rapidly 
in the inner chamber, and emerge through the 
nozzle in the plate Cas a cone of fine spray. 


The Clyde sprayer (Fig. 4) is claimed to give satisfactory 
‘atomization’ at pressures from 25 lb. per sq. in. and 
upwards. Four holes are drilled through the diaphragm 
B at an inclination to the centre axis of the burner, 
the oil taking up a rotary motion in the conical chamber 



{Reproduced by permission of Messrs. E. Arnold & Co. from ' FueV by J. S. S. Brame.) 

inside the nozzle piece C, which is held in place by the 
cap nut. 

The Urquhart sprayer (Fig. 5) provides for adjustment 
of the oil output in the burner itself, without alteration of 
the pressure from the pumps, this being an advantage 
claimed for it. The swirl is imparted to the oil by the three- 
start spiral thread A, cut on the solid spindle Z>, the depth of 
the threads varying from zero to a maximum along their 
length. The area of the three oil exit channels so formed 
is varied by means of the hand-wheel working in the 

a. 
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U Hot Type Sprayer 



Cold Type Sprayer 



Sprayer Head-Cold Type 
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{Reproduced by permission of Messrs, E, Arnold dt Co. from *Fuer by J. S. S. Brame.) 
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(Figs. 3-5 reproduced by permission of Messrs. E. Arnold d Co. from "Fuel' by J. S. S. Brame.) 
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substantial square thread shown. Another feature of this 
sprayer is the oil channel which is really double, as 
shown in the cross-section, so that even when the oil exit 
is closed, hot oil can be maintained in circulation right up 
to the nozzle. 

Oil Pump, Heaters, and Strainers. For the pressure- 
spraying systems the foregoing are necessary adjuncts. The 
pumps will give pressures ranging usually from 50 to 150 lb. 
per sq. in., and an air vessel on the pressure side serves to 
equalize the pressures. Strainers are always duplicated, so 
that the gauze on one side may be removed for cleaning 
without interruption of the flow. On the suction side fairly 
coarse gauze is used; after passing through the heaters the 
oil passes the second strainers, which are either of very fine 
mesh or consist of one of the more modem multi-plate 
filters, with ready means of clearing off the deposited 
sediment. 

Pressure gauges on either side of the strainers indicate 
when the strainers are becoming dirty. 

Before lighting up the sprayers it is necessary to bring the 
oil up to a sufficiently high temperature for satisfactory 
spraying, so a ring circuit is arranged round which the oil 
is circulated until the desired temperature is attained for 
the sprayer to be put in operation. 

The oil must not be too highly heated, or irregular opera- 
tion of the sprayers results, with probably ‘spluttering’. In 
general it should seldom be heated higher than its flash- 
point. Care must be taken that it does not become over- 
heated when the oil circulation is reduced. 

Special provision must be made for starting up; thus 
steam must be raised for pumps, unless these are electrically 
driven. Installations, therefore, will include in most cases 
hand-operated oil pumps, special paraffin burners of the 
primus type for a small boiler, and an independent small 
oil-heating coil. 

PreUminary Treatment of Oil. Where the fuel oil will be 
reduced to a low temperature during storage, tanks, &c., 
usually have to be equipped with lengths of steam piping 
for heating, viscous oil being too thick otherwise for 
pumping. In particular this is the case with oil carried in 
the double bottoms of ships. One large firm recommends 
providing 1*5 sq. ft. of heating surface per ton of oil for 
double bottoms, and 0*65 sq. ft. for deep tanks. Another, 
0*75 sq. ft. per ton for tanks with a capacity of 100-500 tons, 
and 0*5 sq. ft. for tanks of 500-1,000 tons capacity. 

Some asphaltic fuel oils increase in viscosity very con- 
siderably when maintained at low temperature for long 
periods. 

Where tanks may have had water in previous to the oil 
fuel (e.g. double bottoms) or there is any danger of the oil 
becoming contaminated with water, it is always advisable to 
provide special ‘settling’ tanks, holding several hours supply 
and provided with steam-heating coils. These coils should 
have a surface area of about 1 sq. ft. per cu, ft. tank volume. 
The oil suction or delivery pipe from the settling tanks is 
naturally arranged to be well above the level to which any 
water may rise, and special drain cocks are provided for the 
water to be drawn off. With steam spraying the oil is fed 
by gravity so that settling tanks are arranged at a sufficient 
height. The tanks should be of a deep pattern and be pro- 
vided with catch trays beneath for any oil leakage. 

From viscous oils, which are generally of high specific 
gravity, water has little chance of settling at ordinary 
temperatures. By heating, two changes occur which lead to 
more ready separation of the water; the viscosit v of the oil 
is reduced and, owing to its having a greater coefficient of 


expansion than water, the effect is so to increase the differ- 
ence in specific gravity that separation more readily occurs. 
The relative coefficients of expansion arc: 

Oil Water 

Per ^F. . . 0 00039 0 000264 

„ "C. . . 0 00070 0 000476 

The capacity of tanks must obviously be such that sufficient 
time is allowed for separation, and a minimum is about 
5 hours’ supply, though obviously where space permits larger 
tanks which will allow of much longer time are advisable. 

The presence of finely disseminated globules of water in 
the oil has little effect in practice, but if the water is in 
sufficiently coarse state temporarily to interrupt the jet of 
burning oil, it may give rise to serious trouble, even to a 
‘blow out’ from the furnace. 

Air Supply. For smokeless combustion it is highly im- 
portant that thorough intermingling of the air with the oil 
mist is ensured. If this is satisfactory, nothing like so much 
excess air is required per lb. of oil as per lb. of coal, with con- 
sequent better evaporative efficiency. Theoretically about 
13 8 lb. of air, or 180 cu. ft. (at 60'^ F.), arc required per lb. 
of oil. Special provision is made on the boiler front for 
introducing the air, whether with natural or forced draught. 
Some steam sprayers arc designed to act as injectors and 
draw in a supply of primary air, supplemented by further 
air admitted round the cone of spray. With pressure 
burners it is usual to have a proportion of the air admitted 
round the sprayer and the main supply through a concentric 
chamber which is provided with a closing device to regulate 
the amount, and vanes to give a good rotary swirl to the air, 
this being usually in the opposite direction of rotation to 
the oil spray. 

Special Regulations for Oil Fuel at Sea. Rules for the 
construction of storage and settling tanks have been 
adopted by Lloyd’s Register, the British Corporation, and 
the Bureau Veritas. In 1920 the Board of Trade appointed 
a committee to advise on the conditions and precautions 
to be observed where oil fuel was burnt in passenger 
steamships. Points of outstanding importance may be 
briefly summarized ; they will serve as a good guide to those 
points which, in other cases, should receive consideration. 

The construction of storage and settling tanks should 
meet the requirements of the above-mentioned Registering 
Authorities. Each oil-fuel tank or bunker must be fitted with 
an air pipe the discharge end of which is to be led to the open 
air in a situation where no danger will be incurred from the 
issuing oil vapour when the tank or bunker is being filled, 
and each must be furnished with a wire gauze diaphragm 
which can readily be removed for cleansing or renewal. 

Suitable means arc to be provided for ascertaining the 
oil level in each tank, either by sounding pipes or by 
approved indicating apparatus. Provision must be made 
to prevent danger from any overflow when filling tanks or 
bunkers. 

Where there is a possibility of oil leakage from storage 
tanks, settling tanks, pumps, heaters, &c., suitable gutters 
or coffer dams are to be arranged, and the drainage from 
the same led to sumps or wells. 

Save-alls are to be provided under the pumps, heaters, 
and strainers where necessary to catch oil that may be 
spilled when any cover or door is removed, and likewise 
at the furnace mouths to intercept oil escaping from the 
burners. 

Settling tanks must be tested to a pressure of 15 lb. per 
sq. in. 
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The pumps for the oil-fuel burning system must be 
entirely separate from the feed, bilge, and ballast pumps 
and connexions. There must be not fewer than two units 
(a unit comprising pressure pump, filters, and heater). 

All oil-fuel suction pipes from storage or settling tanks 
placed above the double bottom are to be furnished with 
cocks or valves secured to the tanks and so geared that they 
may be shut off from the deck above or from a compart- 
ment other than the one in which they are situated, as well 
as from the latter compartment. 



{Reproduced by permission of Messrs. E. Arnold Co. from *Fuer 
by J. S. S. Bramc.) 

For all oil-fuel pressure pumps in each compartment 
means arc to be provided for shutting off the steam supply 
to the oil-fuel pressure pumps from a position outside the 
compartment in which the pumps are situated. 

The conditions requisite for the production of the short 
hot type of flame suitable for steam raising, as stated by the 
United States Navy Fuel Board, were : (1) the fuel should 
be a pure carbon-hydrogen oil; (2) there should be initial 
heating of the air; (3) intimate diffusion of the fuel and 
air; (4) a large surface of fuel exposed to the impact of 
the air. 

In water-tube boilers there is ample combustion space, 
lined with fire-brick, and beyond the usual baffles to deter- 
mine the path followed by the hot gases, no further fire- 
brick is required in the furnace proper. It is usual, however. 


to have a suitable fire-brick ring around the throat of the 
furnace: temperatures are here very high and the brick- 
work protects the metal plates. It is important that the 
opening towards the furnace shall be well clear of the cone 
of oil spray. 

With boilers having a narrow restricted furnace, as in 
the case of Lancashire boilers, it is usually necessary to 
arrange for a fire-brick arch and/or chequers. A typical 
arrangement for use with a Holden steam sprayer is shown 
in Fig. 6. Properly arranged, such brickwork helps in the 
final stages of combustion, maintaining a high temperature 
where some checking, with the formation of smoke, is 
otherwise very liable to occur. As the temperature of oil 
flames is very high it is essential that only the highest grade 
of brick be used. 

Precautions against Fire 

The most important and very obvious consideration is 
the avoidance of any accumulations of oil and, therefore, 
of any leakage from joints, valves, pumps, &c. On board 
ship any collection of oil in bilges is to be particularly 
avoided. Means for dealing with small fires include the 
provision of sand, or, better still, a mixture of sawdust and 
bicarbonate of soda — the latter, under the heat of a fire, 
evolving carbon-dioxide gas. In addition to the usual hose 
for dealing with fires, the Committee which dealt with the 
regulations for burning fuel oil in passenger ships, recom- 
mended that one of these hoses should be provided with a 
nozzle to give a fine water spray. Further, that provision 
for admitting steam into the lower parts of the boiler-room 
should be provided, with the control of the discharge out- 
side the boiler-room. 

In many installations, especially marine, one of the well- 
known foam systems of extinguishing oil fires is pro- 
vided, this likewise being put into action from outside the 
boiler-room. 
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Introduction 

When referred to a thermal basis, coal is, in general, much 
cheaper than fuel oil, but a liquid fuel permits a better 
utilization of the available storage space and can be more 
readily transported. From time to time attempts have been 
made to combine these advantages by preparing a mobile 
suspension of finely pulverized coal in oil for use as a fuel. 
To fulfil its purpose such a composite fuel should be stable, 
i.e. no appreciable separation of the coal should occur 
during the necessary period of storage; it should, moreover, 
be capable of utilization without difficulty in the type of 
furnace and auxiliary equipment normally used with liquid 
fuels. In addition to the advantages arising from mobility 
the coal-oil suspensions compare favourably with coal 
and/or oil in other respects. They are, for example, the 
most compact fuels known and permit the storage of more 
heat units per cu. ft. of available space than oil alone; thus 
a 40 : 60 mixture of bituminous coal (calorific value 14,5(X) 
B.Th.U. per lb., density 1*35) and fuel oil (calorific value 
19,(XX) B.Th.U. per lb., density 0-9) has a heat value equiva- 
lent to nearly 11*2 therms per cu. ft. as compared with 
10-7 for the oil alone, or 7-2 (approx.) for the coal. The coal- 
oil suspensions contain, of course, amounts of ash and 
moisture intermediate between those of the separate com- 
ponents, in this respect comparing favourably with the coal, 
but unfavourably with the oil alone. They are immune 
from spontaneous heating. Their density is greater than 
unity (e.g. 1 04 in the example quoted above) so that they 
may be fire-proofed by a ‘water seal* of an inch or more in 
depth; hence also they will sink if they fall blazing on to 
the surface of water, i.e. they are self-quenching in such 
circumstances. The possibility of using a water seal has also 
the advantage of diminishing losses by evaporation. 

The coal-oil suspensions have sometimes been referred to 
as ‘colloidal fuels’, but the name is frequently a misnomer. 
Although attempts have been made to form colloidal sus- 
pensions of coal in oil, the technical application of such 
processes would appear to be economically difficult, if not 
impossible. The diameter of the particles of coal in a prac- 
ticable coal-oil fuel may range from approximately 5 to 
65 ft or even higher, whereas the upper limit of diameter 
of colloidal particles is approximately O- 1 ft (ft = OOOl mm.). 

No extended use has yet been made of coal-oil suspen- 
sions as fuels, and the only experimental evidence available 
on which to base a judgement of the value of such fuels 
consists of a limited number of sporadic tests, the reported 
results of which, moreover, cannot all be regarded as 
equally authoritative. The more important of these tests 
and the results obtained are briefly reviewed below. 

Large-scale Tests 

During the War, when the question of the conservation 
of fuel oil had become urgent, the development of a coal- 
oil fuel was stimulated by the ‘Submarine Defense Associa- 
tion’, a body formed in 1917 by a number of American 
shipping, insurance, and oil companies. This organization, 
under the chairmanship of Lindon W. Bates, initiated work 
which led to the development of a stable coal-oil suspen- 
sion [3]. Trials using this suspension as a fuel were carried 


out under service conditions in the U.S. Scout Gem from 
April to July 1918, with results stated to have been satis- 
factory in every respect. Successful land tests were also 
made with a similar fuel. The fuel used in the first trial in 
the U.S.S. Gem consisted of Pocahontas coal 31-2%, Texas 
fuel oil 67*8%, and ‘fixateur’ (sec below) 10%. The coal 
had a calorific value of 13,974 B.Th.U. per lb. and a sp. 
gr. of 1 *39 at 25° C. It was pulverized so that 99-7% passed 
a 100-mcsh screen, 98% passed a 200-mesh screen, and 
85% passed a 3(X)-mesh screen. It is stated, however, 
that whereas such a degree of fineness is advantageous for 
combustion efficiency and fluidity as well as stability, it is 
not strictly essential. The fuel oil had a calorific value of 
18,699 B.Th.U. per lb. and a sp. gr. of 0-92 at 25° C. Its 
viscosity at 20° C. was 18 1° Engler, and at 30° C. 9-3° 
Engler. The calorific value of the composite fuel was 
17,100 B.Th.U. per lb. and its sp. gr. was 1 035 at 25° C; 
its viscosity was 170° Engler at 70° F. The mixture of the 
coal and oil was effected without intensive grinding. The 
fuel was stable for more than 4 months. Large-scale 
work on this fuel seems to have ceased after the War, but 
Bates took out a number of patents which disclosed the 
methods of stabilizing the coal-oil mixtures, kept secret 
during hostilities [3]. The most important of these con- 
sisted in adding to the mixture a small quantity of a lime- 
rosin grease (‘fixateur’) which was prepared by mixing 
slaked lime with a hydrocarbon oil, adding rosin to the 
heated mixture, and saponifying the product. Another 
method consisted in adding about 10%o of a coal-tar oil to 
the petroleum fuel oil used. 

In 1922 J. G. Robinson carried out a series of experi- 
ments on the firing of Great Central Railway locomotives 
with pulverized fuel and with mixtures of pulverized fuel 
and oil [9]. The latter were apparently used soon after they 
were made up, no attempt being made to stabilize them 
by the addition of suitable agents or other special treat- 
ment. The following data relate to one of these trials: 

c r / Elsecar coal dust . 60% 

The fuel consisted of 

Method of preparation .... mixed by air-blowtng 

Moisture M 5 % 

Ash 4-40% 

Calorific value 16,427 B.Th.U. per lb. 

Total fuel consumed .... 2,965 lb. 

Overall efficiency 72% 

Other fuels tested were made up with coal-tar oils. 
They all, apparently, behaved satisfactorily in practice. 
The following remarks may be quoted from the description 
of these trials: ‘Although, under normal circumstances, 
locomotives equipped in the manner we have described are 
not a commercial proposition in this country, owing to the 
presence of moderately priced, good quality coal, yet they 
undoubtedly are, and in fact have proved themselves to be, 
of great value in the event of coal strikes or other emergen- 
cies. On the other hand, there is almost illimitable scope 
for their use in India, South America and the Colonies, 
where high-grade fuel is difficult to procure as compared 
with oil and coal of inferior quality.’ 

After a period of quiescence interest was again greatly 
stimulated in coal-oil fuels, especially for marine purposes, 
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by the voyage of the S.S. Scythia of the Cunard Company 
in the round trip between Liverpool and New York, which 
terminated in the first week of July 1932, and in which one 
boiler, out of a total of twelve, normally fired with oil, was 
fired with a coal-oil suspension [7]. The fuel had been 
developed as the result of experiments carried out in the 
Cunard Company’s own laboratory; large-scale tests con- 
firmed the laboratory results, and, in order to make the 
above-mentioned trial, about 150 tons of the fuel were 
manufactured. No difficulty was experienced in storing, 
handling, or burning the fuel, which was dealt with 
through the ordinary oil-fuel equipment. The jets of the 
burners had to be cleaned somewhat more frequently than 
when oil alone was burned. It was not possible to measure 
separately the amount of steam generated by the one boiler, 
but from such observations as could be made there was 
good cause to believe that the steam output and the effici- 
ency of the boiler using the coal-oil fuel were identical with 
those of similar boilers using oil fuel; this was subsequently 
confirmed by shore trials. The fuel contained 40% of 
powdered bituminous coal, ground to pass a 200-mesh 
I.M.M. sieve; the coal was dispersed in the oil, without 
further grinding, by passing the mixture through a homo- 
genizer. 

The fuel remaining over from the experiment was found 
to be perfectly stable and unchanged 9 months after it had 
been prepared. The essential details of the discovery were 
disclosed in a patent specification published in August 
1933 [7]. According to this the fuel is made by mixing 
finely pulverized coal with a cracked fuel oil having a 
‘fixed carbon’ content of not less than 5%, The ‘fixed 
carbon’ content of the oil is determined by heating 1 g. in 
a silica crucible to about 9W C., under specified condi- 
tions, and weighing the residue. 

In Germany tests were carried out in 1932 with a fuel 
(‘Fliesskohle’) consisting of a mixture of 55 of powdered 
coal and 45% of tar oil, prepared by the Maschinenbau 
A.-G. Balcke [26]. A boiler of the single fire-tube (Cornish) 
type, fitted for oil firing, was used. The fuel was stable and 
sufficiently mobile, its transfer from barrels to the pressure 
vessel and thence to the burners offering no difficulty. The 
fuel ignited readily and burned, with suitable regulation of 
the firing, especially with regard to the ratio of primary to 
secondary air and to the pressure in the atomizer, with a 
clear, luminous, white flame, practically smoke-free. In two 
tests thermal efficiencies of 70-5 and 74-7"o were obtained, 
and it was estimated that considerably higher efficiencies, 
e.g. 81 %, could be obtained in continuous operation. Data 
concerning the method of preparation and the stabilizer 
used arc not available. The tar oil used was an anthracene 
oil having a distillation range of approximately 270-330” C. ; 
the composition of the coal used and of the ‘Fliesskohle’ 
are given below: 



Coal 

‘ Fliesskohle ’ 

Moisture % 


1-80 

Ash% 

6-39 

3-48 

Carbon % 

82-75 

84-17 

Hydrogen % 

4-60 

5-55 

Sulphur % 

1-03 

0-64 

Oxygen and nitrogen % . 

5-23 

4-36 

Calorific value (gross) 

8,010-8,060 (estimated) 


8,525 kg.-cal. per kg. 

Volatile matter % . 

22-37 

57-42 


88% of the coal passed a sieve having 10,000 meshes per 
sq. cm. The Maschinenbau A.-G. Balcke claims to have 
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produced similar stable fuels using mineral oils instead of 
coal-tar oils. 

S. L. Wyndham has recently developed a process for 
preparing a coal-oil fuel, the stability, mobility, and com- 
bustion properties of which are due to the fine division of 
the coal particles effected by grinding a mixture of oil with 
the initially coarsely ground coal in a series of specially 
designed mills [31]. The most suitable proportions are 
50% of coal and 50% of oil. The fuel is said to be stable 
for a minimum period of 4 months at the normal tempera- 
ture. A demonstration was made of the process on 
23 January 1935, in which the fuel was burned under a 
cross-tube vertical boiler 6 ft. in diameter and 12 ft. high. 

A specially designed burner of the air-atomizing type was 
used; the fuel was preheated to about 200° F.; the pressure 
in the fuel was 15-20 lb. per sq. in. and the air pressure 2 lb. 
per sq. in. A perfectly clear flame was obtained and no 
traces of smoke or grit were observed at the stack. Figures 
for the boiler efficiency have not yet been published. The 
particular fuel used in the demonstration consisted of 50% 
of washed duff supplied by the Ocean Coal Co. (calorific 
value 14,360 B.Th.U. per lb.) and 50% of an Anglo-Iranian 
fuel oil (calorific value 19,373 B.Th.U. per lb.). 

Stability of Coal-oil Suspensions 

A suspension of pulverized coal, of sp. gr. say 1*3, in fuel 
oil, of sp. gr. say 0-9, will in general l^ unstable, and the 
coal will settle out at a rate dependent on (a) the size of the 
particles, (b) the viscosity of the oil, and (c) the concentra- 
tion of the mixture. In order that the suspension shall con- 
form with the requirements of a technical fuel it should 
possess a certain degree of stability; thus, for marine pur- 
poses no appreciable settling should occur on storage at 
the atmospheric temperature in 5-6 months, or at higher 
temperatures, e.g. 50-100° C., in a few hours. The methods 
used for conferring this stability on the composite fuel may 
be classified as follows : (a) mechanical reduction of particle 
size of the coal, (b) conferring a ‘gel’ structure on the oil 
by incorporating a suitable agent therein, (c) use of a 
‘peptizing’ agent, {d) choice of certain types of oil which 
give stable coal-oil suspensions without the necessity of 
adding a stabilizing agent or other treatment. 

The production of a stable coal-oil fuel by grinding the 
coal to colloidal dimensions was suggested by Plauson in 
1913 [19] and again in 1920 [20]. He ground mixtures of 
coal and oil in a high-speed colloid mill, in some cases 
adding also a protective colloid, e.g. soap, casein, gelatin, 
rubber, &c. He claimed that such a fuel prepared from a 
coal containing not more than 10% of ash would be suitable 
for use in an engine of the Diesel type. The process, how- 
ever, was a costly one and does not appear to have had any 
industrial application. The stability of the fuel prepared by 
Wyndham (see above) is attributed to the particular type 
of intensive grinding to which it is subjected; it is claimed 
that a proportion of the coal is reduced to a colloidal or 
semi-colloidal condition. The greater part of the coal, 
however, appears to be of a size well outside that of the 
colloidal range. Wyndham claims also that the cost of 
grinding in his process is not excessive. 

The economic limit of the size to which the coal can be 
reduced without incurring excessive grinding costs appears 
to be of the order of that used in normal pulverized fuel 
firing practice, i.e. 80-90% through a 2(X)-mesh I.M.M. 
sieve, or perhaps slightly finer, corresponding to a range of 
particle size from approximately 00025 in. (64/i) in diameter 
downwards. A suspension in oil of coal of this size can be 
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rendered stable by converting the oil into a dilute gel, as 
was realized by Sheppard [27]. A dilute gel has the property 
of flowing like a liquid under normal circumstances, but of 
behaving like an elastic solid under very small distorting 
forces, such as are called into play in supporting small 
particles of coal. If the ‘yield value’ of the gel is greater 
than the maximum stress due to the weight of a suspended 
particle, then the suspension is stable. Such a structure can 
be conferred on the oil by dispersing a small amount of a 
suitable agent, e.g. 0-2-1 0% of sodium stearate (soap), 
therein. The method of dispersion may be important; thus 
if sodium stearate is used it is necessary, in order to produce 
the full effect, to dissolve this in the oil at about 200"" C. and 
then allow to cool. A suspension of 40% of pulverized 
coal, 85% of which passed a 200-mesh I.M.M. sieve, in an 
Iranian fuel oil in which 0-5 % of sodium stearate had been 
dispersed, showed no appreciable separation of coal after 
standing at the atmospheric temperature for 5 months; 
after 10 hours at 100^ C., however, the gel structure had 
disappeared and the coal began to separate out. A similar 
suspension in the original untreated oil showed signs of 
separation after 20 days at the atmospheric temperature 
[22]. It is probable that many of the other stabilizing 
agents, ‘fixateurs’, or so-called ‘protective colloids’, the 
use of which has been suggested, act in a similar manner by 
conferring a gel structure on the oil. The ‘fixateur’ pre- 
ferred by Bates (see above) would probably have such an 
action. 

It is known that certain oils, in particular high-boiling 
tar oils, have the property of dispersing bituminous coals 
more or less completely when the powdered coal and oil arc 
heated together, the coal passing into colloidal solution in 
the oil [13, 8, 18]; the process is known as ‘peptization’ of 
the coal. It has been found that the addition of tar oils to 
suspensions of finely divided coal in petroleum fuel oils 
has sometimes the effect of stabilizing the mixture. The 
effect is due probably to a partial peptization of the coal, 
such process conferring some type of structure on the oil 
phase, possibly converting it into a dilute gel, which thus 
is enabled to support the remaining unpeptized coal. 

It is possible to confer sufficient structure on some oils 
for them to be capable of forming stable suspensions of 
pulverized coal by the simple process of blowing air 
through the heated oil, the stabilizing agent being an oxida- 
tion product of the oil itself [1, 10, 14]. 

Particular interest attaches to the Cunard Company’s 
discovery that some fuel oils, in particular certain oils pro- 
duced in cracking processes and normally available on the 
market as fuel oils, form stable suspensions of pulverized 
coal (of the economic size mentioned above) without the 
necessity of adding a stabilizer or of any other pretreatment 
of the oil. This discovery has been confirmed by experi- 
ments carried out at the Fuel Research Station [23]. Not 
all oils, however, having a ‘fixed carbon’ content greater 
than 5 % give stable suspensions. The oils in question, or 
at least some of them, do not appear to possess a gel 
structure in that they exhibit no measurable rigidity, nor 
do they peptize the coal; they do, however, possess a type 
of structure which resembles a gel structure in being charac- 
terized by the possession of anomalous viscous properties, 
i.e. they possess a coefficient of viscosity which increases 
with diminishing rate of shear (velocity gradient). It has 
been suggested that this may account for the observed 
stability of the coal suspensions in these oils [14]. 

A convenient method of examining the stability of coal- 
in-oil suspensions in the laboratory has been devised by 


R. A. A. Taylor [14]; it is based on observing the variation 
in the period of oscillation of a tube filled with the suspen- 
sion, which is mounted in a holder in such a manner that 
the system functions as a compound pendulum. 

Brief mention may be made of the influence of concentra- 
tion of a suspension on its rate of settling. The rate of fall 
of a single particle of coal through an oil of normal viscous 
properties (a so-called Newtonian liquid) is given ap- 
proximately by Stokes’ law. When dealing, however, with 
the rate of fall of a large number of particles distributed 
throughout the liquid Stokes’ law is no longer applicable. 
The mathematical analysis of this problem is difficult, but 
the order of magnitude of the effect is shown by the follow- 
ing experimental results on the rate of fall of a suspension 
of finely divided coal (through a 200- and on a 240-mesh 
B.S.I. screen) in a heavy paraffin oil (viscosity 0-75 poises). 


Conen. of coal in 
the suspension 

Single particle 

QO/ 

^ /o 

23/0 

40^1 


Rate of settling 
cm. per sec. 

000167 

000024 

000003 


It is of interest to note that the coal in a 50 : 50 coal-oil 
suspension is already more closely packed, before any 
settling begins, than it is normally when in the form of dr>' 
pulverized fuel. 


The Combustion of Coal-oii Suspensions 

The results of the full-scale tests that have been carried 
out with coal-oil fuels show that these fuels can be burned 
quite satisfactorily in suitable types of equipment. Observa- 
tion of the flame produced by combustion of this fuel 
indicates that the two constituents burn more or less inde- 
pendently, the oil first and then the coal. It is necessary, 
therefore, as with pulverized fuel firing, to provide sufficient 
space to permit complete combustion of the slower burning 
solid particles before the flame impinges on the tubes of the 
boiler, otherwise the latter will rapidly become covered with 
a deposit of incompletely burned material. Moreover, 
again as with pulverized fuel firing, it is desirable that 
combustion should be so controlled that slagging of the 
ash is avoided; provision must be made, of course, for the 
removal of any ash that is deposited. It has been stated 
that owing to the presence of radiant particles in the flame, 
and to a decrease in the water-vapour content of the flue 
gases, coal-oil fuel is about 2% more efficient as a steam 
producer than oil [33]. Combustion is improved if a small 
amount, e.g. 3%, of water is added to the fuel, preferably 
just before it reaches the burner. The S.S. Scythia was 
equipped with Scotch marine boilers, a type which appears 
to be eminently suitable for firing with coal-oil fuels. No 
modification was found to be necessary in the normal oil- 
fuel equipment. The ash was almost impalpable and its 
disposal offered no difficulty. In preparing the fuel for this 
test the coal was ground to pass completely through a 
2(X)-mesh I.M.M. screen, i.e. rather finer than was necessary 
to ensure stability in the fuel, in order to avoid any choking 
of the jets of the oil burners; probably a somewhat coarser 
coal could be used with specially designed jets. The 
German tests show that, as was perhaps to be expected, 
coal-oil fuels can be burned satisfactorily in the Cornish 
type of boiler. Attention may be directed to the fact that 
a tar oil was used in the preparation of the fuel used in these 
tests, and it is noteworthy that such a mixture can be burned 
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apparently with no greater difficulty than suspensions of 
coal in petroleum fuel oils. Coal-oil fuels would probably 
be quite unsuitable for firing the ‘three-drum’ boiler of the 
type used extensively in the Navy; the combustion space 
is too limited, and ash and incompletely burned fuel would 
tend to collect in the somewhat narrow apertures between 
the water-tubes. 


Economic Considerations 


It is evident that in considering the economics of the use 
of coal-tar fuels certain of the factors involved will vary 
considerably with locality and with other special circum- 
stances that cannot be taken into account in a general dis- 
cussion of the question. It can readily be shown (cf. [26]) 
that if Pc is the cost of the coal and the cost of the oil, 
in shillings per ton, including freight to the grinding and 
mixing plant, if Mg is the cost of drying and grinding the 
coal, in shillings per ton, if M^ is the cost of mixing, in 
shillings per ton of coal-oil fuel, including freight from 
the grinding and mixing plant to the place of utilization, 
if He is the calorific value of the coal and that of the oil, 
in B.Th.U. per lb., and if k is the proportion by weight 
of coal in the mixture, then the cost of the coal-oil fuel is 


k{Pc-\-Mg)^-(\—k)PQ-\^Mf,^ shillings per ton, or 


{k{Pc-\-MgyH\-k)P^-\M^]n 
{kHc-y(\-k)Hc,} 0 0224 


pence per therm. 


Applying this, for example, to a 40 : 60 coal-oil sus- 
pension and using the following estimates 


Pc \5s. per ton. He 14,000 B.Th.U. per lb. 

Po 40.y. per ton. Ho 19,000 B.Th.U. per lb. 

Mg Is, per ton (including cost of power, labour, and 
maintenance, depreciation and interest on capital. Cf. [15]. 

Id. per ton 
we have 

Cost of composite fuel, 31^. per ton 

or 0-989^/. per therm 

as compared with 

Cost of oil, 40.V. per ton 

or M27^/, per therm. 

The cost of a plant capable of preparing 500 tons of coal- 
oil fuel per day has been estimated as approximately 
£9,000. Such a plant would already consist of more than 
one unit, so that the cost of a plant of larger capacity would 
be proportional to the capacity. 

In the above calculation it has been assumed either that 
no stabilizing agent was necessary, which, as we have seen, 
is true for certain oils, or that if such an agent is used its 
cost has been included in that of the oil. It would appear 
that at the present time (May 1935) the cost of fuel oil is at 
such a level that the economic advantage of replacing oil 
by coal-oil suspensions is hardly sufficient to favour adop- 
tion of the newer fuels. The position, however, may change 
in the future, and any tendency towards higher fuel-oil 
prices will focus more interest on the possibilities of using 
coal-oil suspensions as fuels. In some localities even now 
economic conditions exist under which the possibility of 
using coal-oil fuels merits careful consideration. 
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LUBRICATION-INTRODUCTORY 
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At every point where surfaces are in contact, and in relative 
motion, heat is produced by friction. The problem of 
lubrication is that of reducing the rate of production of that 
heat to a minimum, and to something less than the rate at 
which it can be removed. Between some surfaces in motion 
past one another it is possible to maintain a flow of the 
lubricant, so that the surfaces are everywhere separated by 
a continuous film. When this is so the condition is de- 
scribed as one of ‘perfect’ or ‘film’ lubrication. The fric- 
tion force which opposes relative motion of the surfaces 
then depends chiefly upon the viscosity of the oil film, and 
could be calculated in terms of the properties of the oil, if 
the thickness and temperature of the film at every point 
were known. 

When conditions are not such as to maintain an oil film 
of finite thickness between the surfaces, the state of affairs 
is one which is described as ‘boundary’ lubrication. We 
are then concerned with the forces between the molecules 
of infinitesimally thin (in the limit monomolecular) ad- 
sorbed films on the solid surfaces, and these forces depend 
not only upon the shape and structure of the lubricant 
molecules but upon their orientation on the surfaces. Re- 
cent electron diffraction methods have exhibited the mole- 
cules of a castor-oil film as orientated in a perfectly regular 
manner to a depth of three layers on a solid surface; and 
have shown, also, that when graphite is used as a solid 
lubricant its power of reducing the friction between two 
surfaces depends entirely upon the ultimate graphite mole- 
cules being orientated in a particular manner so that there 
are slip-planes parallel to the direction of motion. The 
subject of boundary lubrication will be dealt with more 
fully in the second half of the present article, but it is 
appropriate to mention here that when such a state exists 
the observed friction, while always lower than that between 
unlubricated surfaces, is far above that when fluid friction 
prevails. As compared with coefficients of the order of 
0 01 with fluid friction, but varying widely according to 
the conditions, those with boundary friction would be in 
the range O l-O-S. 

Film and boundary lubrication have this in common, 
that they both depend upon the property of lubricants of 
being able to wet and adhere to the surfaces with which 
they are in contact. In the case of boundary lubrication 
the strength of the chemical bond between the molecules 
of the lubricant and the solid surface is what determines 
the ability of the surface to maintain an adsorbed layer of 
lubricant, and so prevent metallic contact and seizure. In 
film lubrication, some power of adhesion is also essential 
to ensure the lubricant being drawn in between the sur- 
faces to form the flowing film. Any possibility of slip 
between the lubricant and the surfaces to be separated 
would render film lubrication impossible. It should be 
understood that the condition to which the names ‘perfect’ 
and ‘film’ lubrication properly apply is necessarily asso- 
ciated with a flow of the lubricant itseif between the 
lubricated surfaces; and that there is then in the flowing 


film a hydrostatic pressure which varies steadily from point 
to point in a manner which can be calculated from the laws 
of hydrodynamics. Between this and boundary lubrication 
there is an intermediate state, which has been called ‘greasy 
lubrication’, in which the surfaces are separated by a thin 
film of lubricant, but no actual flow takes place. This 
condition would normally be transitional, cither just after 
starting, before the state of film lubrication has h^d time 
to establish itself, or else leading to a thinner and thinner 
film, and ultimately to a state of boundary lubrication. 
Owing, however, to the unevenness of nearly all lubricated 
surfaces, the points where the boundary condition is ap- 
proached are constantly changing, and for this reason 
lubricated motion is able to continue without seizure, pro- 
vided the load per sq. in. is not too great, even when 
conditions are not favourable to the establishment of the 
flowing film. 

The existence of fluid pressure in the oil film which 
varied regularly from point to point, and could reach a 
maximum value far higher than the mean load on the 
bearing, was first demonstrated during a series of experi- 
ments by Beauchamp Tower [1, 1883, 1885] in which the 
frictional torque between a journal and its bearing, of 4-in. 
diameter and 6-in. length, was measured at different speeds 
and loads; there being an ample supply of oil at the ‘on’ 
side of the bearing, at the point from which oil would be 
drawn in upon the surface of the revolving journal. By 
means of holes drilled through the bearing, and connected 
in turn to pressure gauges, the variation of pressure in the 
oil film was observed from point to point between the ‘on’ 
and the ‘off’ sides, with its maximum on the ‘off’ side of 
the centre line. Fig. 1 shows a typical pressure curve taken 
from Beauchamp Tower’s results. Subsequent experiments 
of the same kind under more closely controlled special 
conditions have been made by Stanton [13, 1923], Boswell 
[2, 1932], and others. 

The classical experiments of Beauchamp Tower pub- 
lished in 1885, with the mathematical treatment of the 
problem by Osborne Reynolds [10, 1886] which followed 
in 1886, laid the foundation of our knowledge of film 
lubrication. The work of Reynolds, extended by Rayleigh 
[11, 1918], Martin [8], Harrison [5, 1913], Sommerfeld [12, 
1904], and others, led to the formulation of equations be- 
tween the variation of oil pressure from point to point, and 
the velocity, which applied to plain and curved surfaces of 
infinite width in a direction at right angles to the motion. 
In practice the finite width of a bearing leads to leakage, 
and a consequent pressure variation at right angles to the 
motion; and Michell [9, 1905, 1923] was the first to give 
a complete solution for the flow of a lubricant in three 
dimensions between plane surfaces. Basing his designs on 
this theoretical work, Michell invented his well-known 
form of thrust bearing, which was introduced about the 
same time, but independently, by Kingsbury in the U.S.A. 
It is surprising that the work of Reynolds should have 
waited 20 years for its practical application, since the 
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original paper of 1886 clearly indicates how the low friction 
associated with film lubrication between plane surfaces 
might be achieved in practice. 
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Fig. 2. 


Taking the simpler case of a plane bearing of unlimited 
width (which represents with fair accuracy a bearing from 
which side leakage is limited by flanges), the essential con- 
ditions arc represented in Fig. 2, in which the lower surface 
is supposed to move past the upper, inclined at an angle 
tan"^ c, with velocity u. There will be no changes of oil 
pressure or velocity in the direction of the y-axis, and the 
application of the general equations of hydrodynamics 
leads to the following expression for the pressure between 
the two plane surfaces at any point at a distance x from the 
axis of y, along which the two planes would intersect: 


6fiU ffli-ftfa c?i«a 




( 1 ) 


The viscosity of the lubricant, fx, is assumed to be constant, 
and po is the pressure in the fluid at the positions x = Oi 
and X = Uz. It will be seen, also, that the mean film thick- 
ness is assumed to remain constant and equal to ir(cri 4 -« 2 ). 

A particular case in which the assumed conditions apply 
exactly is that of a conical sleeve drawn along a cylindrical 
rod, as illustrated in Fig. 3, for considerations of symmetry 
show that there can be no pressure changes in the direction 
of the y-axis. 




Fig. 4. 


The form of the pressure curve given by equation (1) is 
as shown in Fig. 4, with a maximum value at the point 


2a, Oz 

0^1 = — 

Oi + Oz 


( 2 ) 


i.e. on the ‘down-stream* side of sleeve, or bearing, centre. 
The total force tending to separate the bearing surfaces 
per unit of width is 


F 





2^1— ^ 2 ] 


(3) 


and the frictional force parallel to x is 






(4) 


so that the total force needed to draw the sleeve along the 
rod, in Fig. 3, is 


^ „ lirriixU, Qz 

2nryF= log.^- 


For the particular case when at = 2ai the pressure varia- 
tion gives a maximum when x = |fli, or at i of the sleeve- 
length from the rear end; and the centre of pressure occurs 
at 0-431 of the length from the same end. 


P 
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As mentioned above, the theory has assumed that the 
viscosity remains constant throughout the flowing film. In 
a heavily loaded bearing carrying, for example, a load of 
1,000 lb. per sq. in., it can easily be calculated from con- 
siderations of the energy expended in overcoming the 
viscous friction, and of the heat capacity of the oil film, 
that, neglecting the heat conducted away by the metal 
surfaces, there may easily be a rise of temperature of the 
order of 50^ C. between different points in the bearing; and 
this would, of course, be sufficient to cause wide variations 
of viscosity. 

As an example of the possible effect of a rise of tem- 
perature in the film, the dotted curve in Fig. 4 shows how 
the pressure would vary in the same bearing if the viscosity 
of the oil were reduced by 50% between the front and rear 
edges. The important point to notice is the shift of the 
point of maximum pressure towards the front of the bear- 
ing. The centre of pressure has moved up towards the 
middle point of the bearing, and it is quite possible for 
the heating of the oil film to be sufficient to shift it up to, 
or even beyond, this point. 

This shift forward of the centre of pressure due to a rise 
of temperature on the film, has an important practical 
application in the thrust bearing, for the flowing film can 
only be maintained if the pads are pivoted, and the external 
load therefore applied, at the centre of pressure. With a 
constant viscosity the centre of pressure is eccentric, and 
maintenance of the film is only possible for motion in one 
direction. It has been found, moreover, that with oils 
showing a rapid fall of viscosity with rise of tempera- 
ture the film can be maintained, with a central pivot, for 
motion in either direction, by reason of the forward move- 
ment of the centre of pressure caused by heating up of 
the film. 

Reverting, now, to the cylindrical bearing, Beauchamp 
Tower made no attempt to measure the temperature of the 
oil film, and in his first analysis Reynolds made the assump- 
tion that it was the same as that of the oil bath. He soon 
decided this could not be so, for on the assumption of 
a constant viscosity and thickness of the oil film the fric- 
tional torque would be proportioned to the speed, whereas 
the experiments showed it to have increased much more 
slowly. Reynolds concluded, therefore, that the tempera- 
ture of the oil film must be rising, and its viscosity falling, 
with increase of speed. 

Using an experimental relation between viscosity and 
temperature for the oil used by Tower, Osborne Reynolds 
obtained an empirical formula connecting the changes of 
V with changes of speed and load, and after taking into 
account these viscosity changes he obtained complete 
accord between the experiments and the results of hydro- 
dynamic theory. There followed, therefore, from Rey- 
nolds’s analysis, 

(1) an explanation of the novel phenomena of the pres- 
sure variation in Tower’s experiments, 

(2) a verification of the assumptions of hydrodynamic 
theory, 

(3) an explanation of how the various circumstances in 
which the experiments were made had affected the 
results. 

These circumstances, which include such factors as the 
difference between the radii of the journal and bearing, 
the eccentricity, and the point of nearest approach of the 
surfaces while running, were not, and could not possibly 
have been, observed by Tower; and it wail left for the 


mathematical analysis to demonstrate their importance. 
The points which emerged were: 

(1) That for the maintenance of a flowing film it was, in 
general, necessary for there to be a difference between 
the radius of the journal and that of the bearing. 

(2) That the two cylindrical surfaces would be eccentric 
to one another while running, by an amount depend- 
ing on the load, speed, and nature of the lubricant. 

(3) That the point of nearest approach of the surfaces was 
not in the line of action of the load, but would lie on 
the ‘off’ side of this line, i.e. towards the point where 
the oil leaves the bearing after being under pressure 
between the surfaces. 



In Fig. 5 let O and O' be the centres of the journal and 
bearing respectively, and let points round the bearing be 
defined by their angular positions 0 from the line 00\ in 
a counter-clockwise direction. OO' passes through the 
point of nearest approach and makes an angle a with the 
vertical. Then, if the radii of the journal and bearing are 
a and a +8 respectively, and OO' = c8, the thickness of 
the film is given by 

A=:8(l-fccos^). (5) 

Assuming the space between the surfaces to be filled with 
lubricant between the positions and ^i, then Reynolds’s 
analysis showed that the pressure-slope in the film is given 
by 

dp 6/x Uacicos 6 - cos O') 

dO^' 8*(l-fccos«)2 » W 

in which 0' is the value of 0 at the point of maximum 
pressure, /x is the viscosity of the lubricant, and U the 
relative velocity of the surfaces. Further, the intensity of 
the frictional resistance at the surface of the bearing is 


( 7 ) 
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The bearing is in equilibrium under the load fV, acting 
through O, the fluid pressure and friction, and an externally 
applied couple A/, per unit length. The equations of equi- 
librium of the bearing are 




f [psin(^-fa)-f/cos(^+a)] 0, 

(8) 

l<?o 

a 


J [--/7COs(^+a)-f/sin(^+a)]u = W, 

(9) 

i 

a 


J fa- dd -= M. 

(10) 


Oo 


Equations (6)--(10) contain the whole theory of the film 
lubrication of the journal bearing, and if U, IV, M, a, and /x 
are known, then the values of 8, c, a, and 6' should be 
calculable. The difficulty is that the complete solution of 
equations (8), (9), and 00) in a suitable form would be 
extremely complex and laborious. 

To avoid some of the complexity Reynolds adopted a 
special device which, however, only held good for values 
of c up to 0-6, i.e. for conditions in which the eccentricity 
was only slightly more than half the difference of radii of 
the journal and bearing. Reynolds did not regard this 
limitation as serious, because the theory showed that, at 
some point on the ‘off’ side of the point of nearest ap- 
proach, the pressure in the film would become negative 
(the breakdown of the film under these conditions, owing 
to the inability of the lubricant to withstand tensile forces, 
has since been demonstrated by Hyde in experiments with 
a glass bearing); and that in a semi-cylindrical bearing this 
negative pressure was to be expected when the eccentricity 
reached 0*5. Reynolds concluded, therefore, that the limit 
of safe loading would be reached under this condition. 

As it happened, Beauchamp Tower’s experiments had 
been limited to loads and speeds for which the eccentricity 
went little beyond 0 5, so that Reynolds analysis applied 
satisfactorily. But Tower’s experiments were made with 
a bearing which subtended about 170° at the journal centre, 
and the limits in regard to eccentricity without film rupture 
are fundamentally altered (as Reynolds, of course, recog- 
nized) if the arc subtended by the bearing is cut down. By 
working with very small arcs of contact between the bearing 
and journal, Stanton [13, 1922] was able to maintain steady 
film conditions with an eccentricity of more than 0 998, 


and pressures in the oil film up to 3J tons per sq. in., i.e. 
more than 10 times the maximum reached in Beauchamp 
Tower’s experiments. It was Sommerfeld [12, 1904] who 
devised a method of integration of the equations of the 
journal bearing free from the limitations of Reynolds 
treatment, so that conditions of running with eccentricities 
as great as those in Stanton’s experiments could be dealt 
with. 

Stanton’s experiments were not actually carried out with 
a bearing of very short peripheral length, but the equivalent 
conditions were arrived at by employing a shaft and bearing 
with a comparatively large difference of radii. The state of 



things was as illustrated in Fig. 6, in which the curve gives 
a typical set of pressure readings in the oil film at 1° 
intervals between the ‘on’ and the ‘off’ side. The whole 
angle subtended by the film was 15° only. 

In Table I, taken from Stanton’s paper, are shown com- 
parative figures for the pressure, eccentricity, and minimum 
thickness of the oil film, calculated from the data of his 
experiments, together with a typical case of one of Tower’s 
experiments reduced by Osborne Reynolds. It will be 
noticed that the minimum thickness of the film in three of 
the N.P.L. experiments was round about 0 00005 in., and 
Stanton suggested that this may indicate a possible limit 


Table I 






Viscosity at 
observed 
temp, of oil 
film and at 
atmospheric 
pressure 
e.g.s. units 


Relative 

velocity 

of 

surfaces 

1 

Max. 
pressure 
lb. per 

! 

1 

1 

1 

Estimated angular 
position rel. to 
vertical through 
journal centre 

Eccentri- 
city of 
bearing 

Least 
distance 
apart of 
surfaces 

Experi- 

ment 

Diameter (m.) 


Load 
lb. per 
in. run 

Nominal | 
coejf. of j 

Point of 
nearest 

Point of 
max. 

Journal 

Bearing 

Lubricant 

fp.s. 

sq. in. 

friction j 

approach 

pressure 

{calc.) 

Un.) 

Tower 

40 

4 003 
(calc.) 

olive 


1,452 

15*7 

625 

0 0013 j 

1 

42-0" 

7-0" 

0-5200 

0-000720 

N.P.L. 

10 

102 

sperm 

0-252 

111 

4-36 

3,230 

0 0007 1 

60" 

3“-15' 

09946 

0-000054 

N.P.L. 

10 

102 

rape 

0 540 

277 

4-36 

3,190 

00017 1 

7-0" 

3 "-24' 

09904 

0 000096 

N.P.L. 

10 

106 

castor 

1-43 

111 

4-36 i 

7,840 

0 0023 i 

3-0" 

r-48' 

099845 

0 000046 

N.P.L. 

10 

106 

F.F.F. 

cylinder 

(mineral) 

2-09 

277 

4-36 

6,250 

00035 

3M5' 

r-15' 

0-9978 

0 000066 




2562 


PRODUCTS OF PETROLEUM 


to the width of a channel in which hydrodynamical flow 
ofa liquid is possible. If one takes the linear dimensions of 
an oil molecule to be of the order of 10~** in., then a film 
of the above thickness would contain 4,000-5,000 mole- 
cules. This is still a long way off boundary lubrication, 
and a comparison of experiments 4 and 5 in Table I shows 
that the nominal coefficients of friction were still closely 
proportional to the viscosities of the oils at the film tem- 
perature, and were unaffected by their chemical natures. 
This led Stanton to conclude that in a cylindrical bearing 
the conditions of sustained lubrication are always of the 
Reynolds type, right up to the point of seizure: a view 
which is supported by subsequent observations that the 
maintenance of lubrication in such a bearing at very high 
temperatures (c. 300^ C.) and with very low coefficients of 
friction is dependent upon an extremely high degree of 
finish of the surfaces of the journal and bush; and that 
mineral lubricants will stand more extreme conditions and 
give lower friction, in these circumstances, than the fatty oils, 
although the latter are superior under boundary conditions. 

Definite evidence as to the influence of chemical com- 
position upon the coefficient of friction with films so thin 
as to approach the boundary condition has been obtained 
at the Bureau of Standards [3, 1932] with a machine in 
which three steel rollers are made to slide (not roll) over 
a flat surface. In the normal region of film lubrication, 
where no characteristic of the oil except viscosity affects 
the observed coefficient of friction, the results for oils of 
widely different types and viscosities when plotted against 
the product (viscosity x speed) all fall upon a single curve. 
Even in the thin film region which is reached with the type 
of apparatus referred to above the coefficients of friction 
for a series of mineral oils was found to depend only on 
this product, as is illustrated in Fig. 7, but over the same 
range of values of the viscosity x speed it will be seen that 
the castor and lard oils show coefficients of friction varying 
in a similar manner, but each substantially lower than for 
the mineral oils. The upper curve in Fig. 7 covers a large 
number of observations on 4 mineral oils which varied in 
viscosity between 41-7 and 9,340 centipoises at 25° C. 

It will be seen that the coefficients of friction fall in the 
range 0- 1-0*2, and are related, therefore, with those found 
in boundary conditions rather than in film lubrication, 
where the coefficients are more in the neighbourhood of 
0 01. We may suppose that unevenness of the track passed 
over by the sliding rollers produced an alternating succes- 
sion of states in which boundary lubrication is approached, 
and then relieved by the interposition of a very thin film; 
and that the observed coefficient of friction is an average 
result in which the relation of the two surfaces under 
boundary conditions plays a dominant part. 

Although true boundary lubrication plays only a small 
part in the normal lubrication of machinery, yet this 
borderline, or alternating, state is to be met with in all 
toothed gearing, as has been demonstrated by an experi- 
ment referred to below. For this, among other reasons, the 
present discussion would be incomplete without some ac- 
count of the phenomena of true boundary lubrication. The 
two primary films with which it deals are always there, and 
although their reactions with one another may only occa- 
sionally become critical, nevertheless it is ultimately upon 
their behaviour to one another that the danger of a seizure 
depends. Another reason for the study of boundary con- 
ditions, although less practical, is perhaps no less im- 
portant. In all the vast number of experiments of all kinds 
which have been made upon the lubrication of machinery. 


an outstanding fact is the difficulty of achieving a close 
repeatability. It arises from the complexity of the con- 
trolling conditions and of the chemical nature of the 
average oils of commerce. The result is that almost all the 
experiments upon what may be called an engineering scale 
have led to generalizations which show here and there 
exceptions and inconsistencies. 

Unlike this state of things, the theory of boundary 
lubrication has been built up on the use of pure chemical 
substances; the conditions of the experiments can be 
minutely defined; and the results are numerically exact, 
and repeatable to within the very close limits of accuracy 
of the observations. The theory, as a result, is no more 
assailable than the other conceptions of molecular physics, 
and it forms a really solid foundation upon which our ideas 
of the behaviour of lubricants in practice should be built 
up. Moreover, there are some results of great practical 
importance which can only be explained by a knowledge 
of boundary conditions. 

As a preliminary to describing some of the exact experi- 
ments of Hardy and his co-workers, it will be advisable 
to outline some of the ideas upon which their inter- 
pretation is based. The primary films adsorbed on the 
solid surfaces, on which the coefficient of friction under 
boundary conditions depends, are composed of oil mole- 
cules, and it is first necessary to have a mental picture of 
what these are like. Although we cannot observe them 
directly the methods of the chemist, aided by those of 
X-rays and electron diffraction, have told us almost as 
much about their form and behaviour as if we could see 
them. They are built up of straight hydrocarbon chains, 
or of these chains associated with similar hydrocarbon 
groups joined together in various types of ring formation. 
Fig. 8 is from a photograph of a true-to-scale model of 
a simple hydrocarbon chain of the paraffin series magnified 
165 million times. The model is 15 in. long. Notice the 
carbon atoms represented by the larger spheres, related to 
one another in a zigzag pattern, each, except the end ones, 
with two hydrogen atoms attached on alternate sides. This 
simple chain is symmetrical, end-for-end, and the ends are 
composed of (CH3) groups which are relatively stable and 
inactive. The molecule is illustrated diagrammatically at 
(a) of Fig. 9. Some molecules have chains which end in 
the hydroxyl (OH) or carboxyl (COOH) groups, and the 
molecules arc rendered chemically active by these less stable 
end groups. The molecule of palmitic acid, for example, 
has the stable (CH3) group at one end and the chemically 
active (COOH) group at the other. The straight chain con- 
tains 16 carbon atoms, and according to the measurements 
of Langmuir [7, 1917] it has a length of 24 x 10^® cm. and 
a breadth about J of this. Palmitic acid is an excellent 
lubricant under boundary conditions. It improves the 
‘oiliness’ of any oil to which a small quantity is added. 
The molecule of ricinoleic acid, which is present in castor 
oil, is shown diagrammatically at {b) of Fig. 9. This mole- 
cule, besides having the carboxyl group at one end, has two 
other points in the carbon chain at which the chemical 
valencies of the carbon atoms are unsatisfied, and where, in 
consequence, the molecule shows an increased tendency to 
chemical activity. These are the positions of the ‘double 
bonds*. 

In each of these fatty-acid molecules the hydrocarbon 
chain is loaded at one end, as it were, by a group in which 
the chief chemical activity of the molecule resides. When 
a molecule is rendered unsymmetrical by having chemically 
active groups at one end it is characterized as ‘polar*. It 
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has been found that the substances which are the best 
lubricants under boundary conditions all contain molecules 
of this polar character, that is, they are of a type in which 
the end-groups of the hydrocarbon chain are different, one 
being chemically inactive and the other active. The con- 
dition of two neighbouring solid surfaces each carrying a 
monomolecular layer of polar molecules may be imagined 
as being something like Fig. 10, in which the small circles, 
as at C, represent the strongly adsorbed ends of the polar 
molecules and the straight parts, as at Z), represent the 
inactive hydrocarbon chains. 



A 

Fig. 10. Polar molecules oriented on a solid surface. 


In any attempt to measure the friction between two sur- 
faces in a true state of boundary lubrication the first 
essential is to obtain the surfaces in an absolutely clean 
condition, and the second is to be sure that the surfaces 
are separated only by their primary films and not by a free 
film of lubricant of finite thickness. The starting friction 
between two clean dry surfaces under a given normal pres- 
sure can be reduced to less than half by a layer of lubricant 
one molecule in thickness, so that quite invisible traces of 
any foreign matter will completely upset the observations, 
and it has been the failure to start with chemically clean 
surfaces which has led to so many discrepancies between 
lubrication experiments in the past. 

When once the surfaces arc clean, extremely interesting 
and consistent results are obtained. A spherically shaped 
slider, loaded and resting on a plane surface, will at once 
sink through a pool of oil until the spherical and flat sur- 
faces are separated at their very minute area of contact 
only by the primaiy films attached to each. Hardy [4], 
using such a slider and measuring the friction by the hori- 
zontal pull necessary to start the slider from rest, experi- 
mented with a number of pure chemical substances as 
lubricants, in conjunction with sliders and plates of dif- 
ferent materials, glass, steel, bismuth, &c. He first showed 
that the coefficient of friction is truly independent of the 
load when this is above a small limiting value, and then 
observed the coefficients for three series of organic com- 
pounds. Although many of these would not ordinarily be 
regarded as lubricants at all, the experiments showed that 
they did in fact behave as such, and that their properties 
were exactly related to their molecular weights. 

Only the results for a steel plate and slider are given in 
Fig. 1 1 , but these are typical in character for all the materials 
used. The three straight lines show how the coefficient of 
friction was found to vary for each series of chemical 
compounds in an exactly linear manner with the molecular 
weight. The three series of liquids used were 

(fl) paraffins, of general formula CnH 2 n +2 between CgHia 
and CiqHioJ 

(jb) alcohols, of general formula CnHg^.^aO between 
CH 3 ( 0 H) and QeHsaCOH); 

(c) acids, of general formula C^U^nOi between 
CfiHnCCO OH) and CaHi,(CO OH). 

It will be seen that the symmetrical and non-polar 
paraffins show the highest coefficients of friction, and the 
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least variation with molecular weight. The molecules 
of the alcohols and acids contain the active (OH) and 
(COOH) groups respectively, and, of the two, the acids are 
the more chemically active and hence the more ready to 
orient themselves in a regular manner on the solid surface. 
The coefficients of friction are correspondingly lower 
for the more strongly polar molecules of the acids, and 
these show, moreover, so rapid a fall with molecular weight 
that at a value of about 190 the coefficient should be zero. 
The straight lines indicate that in each series a molecular 
weight can be reached above which the friction is zero, and 
experiment showed that in those circumstances the smallest 
tractive force that could be applied did in fact always 
produce a slow slip. 

A change of the material of the slider and plate had not 
the smallest effect upon the slope of the line for any one 
type of compound, but shifted it bodily up or down by 
a definite amount. 

The coefficient of friction can be completely expressed 
in the form 

/X = b-ci-c{N-2\ 

in which b depends only upon the nature of the solids of 
which the slider and plate are made; d depends only on 
the chemical series to which the lubricant belongs; N is the 
number of carbon atoms in the chain, and c is the decre- 
ment of the friction due to each carbon atom, which 
depends upon the chemical series. It will be noticed that 
the expression for ft contains no temperature term, for as 
soon as boundary lubrication with a pure substance is 
established the force of friction is found to be entirely 
unaffected by temperature over the range explored, namely, 
from about 15" to 106" C. 

Other striking facts observed when a state of boundary 
lubrication has been established are: that with a given 
lubricant the friction is the same whether the temperature 
is above or below its melting-point; that for any given 
chemical series the straight lines relating /x with the 
molecular weight, as in Fig. 11, show no change in direc- 
tion when increase of the molecular weight alters the 
lubricant, at a given temperature, from a fluid to a solid; 
and that when the friction between two initially clean sur- 
faces is measured in a closed vessel containing only the 
vapour of a lubricant, the reduction of friction below the 
clean surface value is proportional to the vapour density 
in the containing vessel. It may fairly be argued that the 
mmiber of adsorbed molecules on the solid surfaces will 
be proportional to the vapour density, and hence that when 
the vapour of a lubricant is allowed gradually to condense 
upon the clean surfaces of the slider and plate each mole- 
cule contributes independently to the reduction of the re- 
sistance to motion. Finally, it has been shown that the 
value of the friction obtained between the slider and plate 
when the primary film has been allowed to form from an 
atmosphere of the saturated vapour is identical with that 
observed when the slider is standing in a pool of the liquid 
lubricant. We have here, therefore, very strong evidence that 
the full reduction of friction below the clean surface value 
can be obtained by a primary film only one molecule thick. 

So long as the force of friction depends upon the viscosity 
within a fluid film of finite thickness it must, of course, 
vary considerably with the temperature, and the existence 
of a state in which friction is independent of temperature 
is therefore a crucial test that a condition of boundary 
lubrication exists. 

There may, however, be a condition of boundary friction 
without independence of temperature if the lubricant is not 


N 



2564 


PRODUCTS OF PETROLEUM 


a single chemical substance but a mixture of different mole- 
cules, and some most important practical deductions can be 
made from observations upon simple mixtures of lubricants. 

The horizontal line near the top of Fig. 12 shows the 
observed values of the coefficient of friction, /x, under 
boundary conditions between 20^ and 106“^ C. for the steel 
slider and plate when lubricated by the familiar colourless 
medicinal paraffin oil. This oil, for medical purposes, is 
rendered as completely inert as possible from the chemical 
point of view, by the extraction of all the unsaturated and 
otherwise active elements. From what has been said above 
it will be understood that a complete removal of un- 
saturated and F>olar molecules would reduce the lubricating 
value of an oil under boundary conditions to a minimum, 
through the loss of all those components which are strongly 
adsorbed, and hence that the addition to such an oil of 
a second, consisting of strongly polar molecules, might be 
expected to produce a fall in the observed coefficient of 
friction. 

Palmitic acid is a fatty acid with a strongly polar mole- 
cule of molecular weight 256 and composition 

C,5H3,C00H. 

It is one of the substances above the critical molecular 
weight at which the straight line for its scries (see Fig. 1 1) 
would cut the axis of zero friction, and when experimenting 
with it Hardy did, in fact, find that the smallest force he 
could apply to the slider produced a slow movement. 

The lower curves in Fig. 12 exhibit the observed effect 
upon fx of small additions of palmitic acid — no more than 
0014%, 0*33%, and 0-97';u — to the normal B.P.* paraffin. 
It will be seen that above temperatures ranging from 30' to 
50^ C. ft becomes independent of the temperature at a value 
very substantially below the value 0 23 observed with the 
B.P. oil alone. 

Now palmitic acid is a solid with a melting-point at 
63° C., and at room temperature it is not readily soluble 
in B.P. oil. The curves show that a condition of equili- 
brium is reached at a certain temperature, above which the 
friction is constant, and that up to additions of 0-97% 
the maximum lowering of the friction depends upon the 
amount of palmitic acid added. Fligher amounts were 
tried, up to 6%, but the curves obtained were identical 
with that for 0-97%. 

The temperature ranges of falling friction, AB and CDE 
on the curves, clearly represent a series of conditions in 
which the palmitic acid is becoming more and more domi- 
nant in the boundary layer, owing to its increasing solu- 
bility in the oil with rise of temperature and to its readiness 
to form an adsorbed film which displaces the non-polar 
B.P. oil. At an addition of 0-97% complete solubility is 
only reached near the melting-point of the acid. At lower 
percentages complete solubility, and a constant composi- 
tion of the adsorbed layer, is reached at lower temperatures, 
but the concentration of palmitic acid molecules is not 
sufficient to produce the full effect in lowering the observed 
friction. We may suppose that at 0-97% the acid is suffi- 
cient to monopolize the primary film completely, to the 
exclusion of all non-polar molecules, and thereafter further 
additions of acid give curves identical with CEF, 

A close counterpart of these results in the sphere of 
practical engineering is to be found in the improvement 
of the lubricating qualities of mineral oils obtained through 
the addition of small quantities of a fatty acid. This effect 
was clearly demonstrated by Hyde [6, 1921] in experiments 


on an engineering scale at the National Physical Labora- 
tory using a worm-gear testing machine. This machine 
enabled an accurate measure to be made of the efficiency 
of a set of worm-gears while transmitting power at different 
known temperatures. The gear-teeth operated under very 
heavy loads and with mixed conditions of boundary and 
viscous friction. The proportion of the power being wasted 
in boundary friction was sufficient to show a 10% reduc- 
tion of the total loss when 0-2% of oleic acid was added 
to a straight mineral oil. 

The curves of efficiency for the gear, and of a calculated 
mean coefficient of friction, between 25° and 75° C. are 
shown in Fig. 13. The addition of 0-2 ”0 of acid produced 
an increase of about 0*4% in the efficiency throughout the 
temperature range, while adding 10 times that amount 
produced only a further 0-2% in the efficiency. 
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Fig. 13. Hniciency-tcmpcrature curves for Lanchester worm-gear 
machine with a straight mineral oil and with the same oil plus 
additions of oleic acid. 


The fall of efficiency and increase of friction with tem- 
perature is no doubt to be explained by the fact that as 
the oil became less viscous it was more rapidly squeezed 
out from between the gear-teeth, so that a larger and larger 
proportion of the normal forces between the gear surfaces 
were being carried by very thin films, approximating at 
times to the ultimate primary films giving boundary fric- 
tion. The increase of friction from this cause would more 
than balance some reduction of the loss due to viscous 
friction, for it must be remembered that the average co- 
efficients of friction obtained with fluid film lubrication are 
no more than about 1/10 of those for boundary friction, 
even with the best lubricants. 

It is not possible to give definite figures for the coefficients 
of kinetic friction between two primary films. Hardy's 
observations were all upon the force necessary to start his 
slider from rest, and they yield, therefore, coefficients of 
static friction. The lower limit of /x for a mineral oil in 
these static experiments may be taken as being roughly 01, 
but there is evidence of a fall in the friction as soon as 
movement occurs (cf. Fig. 7). The most likely thing appears 
to be that under kinetic conditions the slipping over one 
another of the real primary monomolecular layers ceases 
to hold, and that the friction rapidly develops into that 
produced by the slipping of layers several molecules thick, 
the outer layers being oriented in a more or less orderly 
manner when the molecules of the lubricant are strongly 
polar, but not so firmly held by the chemical bonds of the 
solid surface as the strongly adsorbed primary layers. 
Under kinetic conditions, therefore, the physical state of 


* Prepared according to the British Pharmacopoeia. 



LUBRICATION 

the surfaces is altered, and can be less completely defined 
than in Hardy’s static experiments. Boundary friction under 
kinetic conditions will shade off into fluid film lubrication 
without any clear line of demarcation between the two. 

In the worm-gear experiments represented in Fig. 13 the 
load is transmitted nominally at line contacts, and one 
would expect films of all thicknesses down to a very few 
molecules, and an approach, therefore, to boundary con- 
ditions, at the points where the load is concentrated. This 
is borne out by the value of the estimated average coeffi- 
cient of friction for the gear, 0 020 to 0 027 for the straight 
mineral oil (see Fig. 13) which is substantially higher than 
it would be if it depended on fluid friction, although only 
about J of the value for static boundary conditions. 
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There can be little doubt that the lowering of the appa- 
rent coefficient of friction by about 0 002 in the worm-gear 
testing machine when 0*2% of oleic acid was added to the 
mineral oil is to be explained by surface changes of the same 
kind as those when the static coefficient in Fig. 12 was 
lowered from 0-23 to 010 by the addition of 0-97% of 
palmitic acid. In each case the ‘oiliness’, or lubricating 
property under boundary conditions, of a non-polar oil 
was substantially improved by the addition of a very small 
proportion of polar molecules. These form strongly ad- 
sorbed primary layers on the solid surfaces, displacing the 
non-polar molecules and reducing the coefficient of friction 
accordingly. 
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During the past few years more and more attention has 
been directed by chemists and physicists to the study of 
lubrication. The former have attempted to determine the 
relationships existing between the properties of a lubricat- 
ing oil and its chemical components. The latter have 
endeavoured to elucidate the mechanism of lubrication. 
Recent investigations have involved the application of 
chemistry and physics towards the solution of practical 
lubrication problems. 

The chemical and physical forces involved in boundary 
lubrication have been treated at great length in the litera- 
ture, but the subject is not yet perfectly understood. While 
the theory of viscous lubrication, based on hydro-dynamic 
laws, is well developed, the action of physico-chemical 
forces in this connexion has not been fully realized. This 
article will consider the nature of the forces emanating from 
metal surfaces and from various types of molecules found 
in and added to lubricants. An understanding of these 
forces and their profound influence, under both viscous 
and boundary conditions, is essential to the fundamental 
theory of lubrication. We propose to control and direct 
these physico-chemical forces to the improvement of both 
types of lubrication. For this purpose the addition of certain 
chlorinated esters of long-chain fatty acids and short-chain 
monohydric alcohols serves very satisfactorily [28, 1933-5]. 

Viscous and Boundary Lubrication 

Lubricants are applied to the moving parts of machinery 
to keep the rubbing surfaces from coming into contact 
and causing high friction or seizure of the metals. In 
practical lubrication two distinct types of conditions are 
encountered. If the rubbing surfaces are completely 
separated by a comparatively thick film of oil, the lubrica- 
tion is designated as ‘viscous’. If the lubricating film is 
extremely attenuated, the type of lubrication is referred 
to as ‘boundary’, in which case the rubbing surfaces are 
in approximate contact. The designing engineer aims at 
perfect viscous lubrication without attaining it, and cannot 
avoid encountering boundary conditions in the practical 
use of mechanical devices. 

Viscous lubrication is essentially kinetic, and can be 
realized only when the relative motion of the surfaces is 
sufficiently great to form a lubricant layer of appreciable 
thickness between the moving surfaces under suitable 
conditions of loading, viscosity of oil, temperature, speed, 
and, to some extent, the nature of the oil. When all of 
these conditions are satisfied, the friction is due almost 
entirely to the viscosity of the oil and the physico-chemical 
attractive forces between the rubbing surfaces and the 
lubricant. Under viscous-lubrication conditions there can 
be no metal-to-metal contact; therefore there should be 
no wear or seizure of the metal surfaces. 

In boundary lubrication, friction is independent of the 
speed (only within certain limits) and is a function of the 
load and of the chemical and physical relationships between 
the rubbing surfaces and between the surfaces and the 
lubricant. Before passing to a discussion of the physics 
and chemistry of this state, it may be of Interest to note 
that boundary lubrication must appear in all cases where 


the speed of rubbing is too low, the oil viscosity is too low, 
or the load is too great to permit the formation and per- 
sistence of a thick layer of lubricant. 

In engineering practice, boundary-lubrication conditions 
may obtain: 

1. At the moment of starting a machine from rest. 

2. During the extreme slowness of the moving parts 
just immediately prior to stopping. 

3. In reciprocating and rocking motions. 

4. With rapid fluctuations of speed or load (shock 
pressure) which tend to bring the metal surfaces 
momentarily within their range of effective attraction. 

5. When the original viscosity of the lubricant is too 
low or is excessively reduced by heat. 

6. With an inadequate supply of oil. 

Oilincss 

Friction is obtained in both viscous and boundary 
lubrication. Ewing [17, 1892] was probably the first to 
realize the factors contributing to friction in boundary 
lubrication, and Kingsbury [26, 1903; 40, 1919] considered 
this concept in his early work. 

Many subsequent investigators [5-10, 12-14, 16, 20, 22, 
27, 29, 33, 35, 37-8, 41-3, 45-6, 48] have contributed to 
our fund of knowledge of the special character of a lubricant 
which causes differences in the friction when one lubricant 
is compared to another of the same viscosity under identical 
conditions. ‘Oiliness’ has been conceived as responsible 
for the difference in friction. 

This definition proposed for oiliness is based upon the 
historical concept as a friction-reducing property only. 
There is no known established relationship existing between 
oiliness, wear, and seizure. It does not appear that the 
terms ‘wear’ and ‘seizure’ have yet been satisfactorily 
defined, or that the elementary factors entering into these 
phenomena have been systematically investigated. Other 
things being equal, a lubricant of superior oiliness will 
develop less heat in use, and to that extent conditions will 
be favourable for reducing wear and preventing seizure 
[22, 1933]. By controlling the physical and chemical forces 
involved in lubrication it is possible to obtain reduced 
friction (increased oiliness) and also greatly minimize metal 
loss from rubbing surfaces by wear or seizure. 

Friction between smooth, polished surfaces is caused 
by the unbalanced forces of molecular attraction acting 
across the interface. By placing a lubricant between the 
surfaces, these unbalanced forces are completely neutra- 
lized in perfect boundary lubrication; while in perfect 
viscous lubrication the rubbing surfaces are separated by 
the liquid oil beyond their effective fields of force. 

Polar Molecules 

Molecules of ordinary hydrocarbon lubricants are not 
sufficiently physico-chemically active to neutralize the 
unbalanced forces acting at metal surfaces. However, 
molecules which contain an atom or group of atoms 
exhibiting secondary or residual valence— which arc known 
as polar molecules — are able to neutralize these unbalanced 
forces. This is accomplished by means of the polar groups 
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present in the molecules, which are attracted by the forces 
of the metal surface resulting in a regular orientation of 
the molecules with respect to the surface. This ability 
to orient seems to be an inherent property of polar mole- 
cules, given the proper conditions of molecular mobility. 

The orienting and adhesive character of polar molecules 
has been demonstrated by the works of Marcclin [30], 
Devaux [15, 1904, 1912], Langmuir [27, 1916-17, 1920, 
1934], Adam [1, 1922-3, 1930], and Woog [48, 1924-6, 
1928]. They show that, in the spreading of organic liquids 
on water, strong selective forces reveal themselves in a 
preferred attraction by the water for quite definite atoms 
or groups of atoms of the organic 
liquid. Thus, for example, water 
exerts an especially strong attrac- 
tion for terminal hydroxyl, car- 
boxyl, and other oxygen-containing 
groups in organic compounds. By 
these specific selective forces of 
attraction, the surface films of 
organic molecules are anchored 
to the water substratum. 

The same authors have shown 
entirely analogous relationships in 
the spreading of liquids on solid 
surfaces. It has been shown, for 
example, that the carboxyl group 
displays an especially strong attrac- 
tion for metal surfaces. In order 
to prevent metal-to-metal contact 
in lubrication, the film must be so 
firmly bound to the rubbing sur- 
faces that it withstands the action 
of pressure and shearing forces 
which seek to crush, tear, or squeeze 
out the film. By virtue of their 
active polar groups, certain mole- 
cules arc not only concentrated at 
the boundary surface, but arc also 
fixed there by strong forces. This 
adhesivity of the polar film and the 
viscosity of the lubricant arc in no 
way related. Karplus [24, 1929] 
has found that certain non-viscous oils adhere to a definite 
boundary surface much better than a viscous oil — which 
has been confirmed by our work. 

From the specific nature of the mutually attractive forces 
between the lubricant and the metal surface, it follows that 
the strength of the attraction depends not only on the 
polarity of the lubricant, but also on the physical and 
chemical nature of the metal surface. The polarity of the 
lubricant, and the kind and strength of the specific forces 
of attraction emanating from the metal surface, determine 
the stability of the adhering film. Long-chain polar mole- 
cules are firmly rooted with their polar ends on the rubbing 
surface, with their free ends projecting into the lubricant 
layer and their chains parallel. 

Film Characteristics 

Many have assumed that the effective sphere of action 
of polar molecules is always very small, i.e. that the 
mutual attraction of these molecules can act only through 
small distances. The work of Freundlich and others has 
made the existence of far-reaching forces of attraction 
appear plausible. The work of Hardy [20, 1918-20. 1922, 
1926, 1928], and his co-workers, on adhesion has proved 


with certainty that forces of attraction, extending actually 
through an unexpectedly large circle of action approximat- 
ing 20,000 Angstrom units (A.U.), emanate from solid 
boundary surfaces. Kingsbury found that the hydro- 
dynamic laws of viscous lubrication apply to a film as thin 
as 6,250 A.U. (vide Hersey [22, 1933]). The molecular 
forces of attraction which originate in the solid boundary 
surfaces are thus not limited to the layer in direct contact 
with the metal, but arc extended far into the interior of 
the lubricant layer. Trillat [43, 1926-8] has found such 
powerful fields of attraction between metals and polar 
compounds that laminated structures of 400-500 mole- 




cular layers are formed, which in the case of long-chain 
fatty acids would give a film thickness of 9, (XX) A.U. or 
more. Tausz and Szekely [41, 1930, 1933], by capacitance 
methods, have shown films of 12,0(X) A.U. thickness with 
non-polar compounds which ruptured under stress, but 
polar films as low as 1,100 A.U. thickness which did not 
rupture under the same conditions. Therefore it is seen 
that three independent investigators have found film 
thicknesses of comparable magnitude. 

Karplus [24, 1929] concluded that the forces of attraction 
act between the metal surface and the polar groups in the 
lubricant to form an oriented film, as represented in Fig. 1, 
and to determine the resistance to separation of the 
adhering film from the metal surface. The forces of 
attraction which bind the hydrocarbon chains to each 
other (as will be discussed later in connexion with Fig. 1 b), 
in terms of the work necessary to separate them, were 
calculated from the approximate molar-cohesion values of 
Meyer [31, 1928], and amount, for example, to about 
17, (XX) calories for an unsubstituted fatty acid of 18 carbon 
atoms. These forces of attraction are determining factors 
for the pressure stability of the film, i.e. for the resistance 
which the lubricant layer sets up against the forces acting 
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perpendicularly to the solid boundary surfaces. The work 
necessary to separate the carboxyl planes amounts to 
about 9,000 calories per gram-mol for unsubstituted fatty 
acids, and more in acids in which hydrogen close to the 
carboxyl group has been substituted by strongly polar 
atoms or groups of atoms. To overcome the forces in the 
cleavage or methyl plane requires only about 1,790 calories 
per gram-mol. This explains the outstanding sliding 
capacity of the lubricant along the cleavage plane. 

Physico-Chemical Forces in Viscous Lubrication 

Herschel [21, 1923, 1929] has emphasized the influence 
of the oil, and particularly of the bearing metal, on the 
coefficient of friction. He shows that this is a joint pro- 
perty of the oil and the metal forming the rubbing surfaces. 

Becker [6, 1926] recognized the early interest in surface 
action between lubricants and metals as it pertains to 
boundary lubrication, and stated that the influence of 
surface forces is also of vital importance in viscous 
lubrication. He concluded: ‘Thus the thickness of film 
developed in a bearing depends upon the speed, load, 
viscosity of the lubricant at the working temperature, and 
upon four constants — the latter being dependent upon the 
oil and the bearing surfaces used. In other words, surface 
action plays a very important part in the development of 
viscous lubrication. . . . These experiments demonstrate, 
therefore, that the thickness of oil film developed in a given 
bearing under definite operating conditions depends on 
surface action as well as viscosity. ’ 

Gilson [19, 1928] shows that the kind of metal in the 
rubbing surfaces has a strong influence on the coefficient 
of friction. His work was done with a set of bearings 
operated under conditions to give as nearly perfect viscous 
lubrication as is possible to obtain. Viscous lubrication 
was obtained in these experiments by a speed of 2,000 
r.p.m., a load of only 10 lb. per sq. in. of projected bearing 
area, and an abundant oil supply. All variable factors, 
except composition of bearing surfaces, were kept con- 
stant. Varying the composition of metal surfaces gave 
differences in coefficient of friction of 53%. This is con- 
trary to the hydrodynamic theory of viscous lubrication, 
which says that under constant load and speed the only 
factor affecting the coefficient of friction is the viscosity, 
i.e. that the coefficient of friction should always be entirely 
independent of the kind of metal in bearing surfaces. 

Since the coefficient of friction in viscous lubrication 
does vary with the type of metal in the rubbing surfaces, 
the magnitude of the fields of force around the metal 
surface must play an important part. Obviously, ordinary 
non-polar lubricants do not saturate these fields of force 
to allow a constant coefficient of friction with constant 
viscosity. We find that strongly polar compounds in a 
lubricant, such as the chlorinated esters, do neutralize 
these fields of force. Furthermore, the X-ray evidence 
presented later will show that such polar compounds as 
the chlorinated esters actually produce a more or less 
complete regimentation of the molecules in the liquid body 
of the lubricant between the rubbing surfaces. This 
regimentation, or ‘cybotaxis’, is sufficiently strong that 
the disturbing influence of temperature increase — which 
tends toward a chaotic molecular arrangement— has little 
or no effect for reasonable increments of temperature. 
This arrangement gives the cleavage planes which promote 
sliding and, thus, tend to reduce friction. ' 

The neutralization of the fields of force of rubbing sur- 


faces by polar molecules and the regimentation of the 
molecules in the liquid lubricant may explain, in part, the 
above anomalous coefficients of friction in viscous lubri- 
cation. 

The physico-chemical activity at the rubbing surface in 
boundary lubrication, and in the liquid body in viscous 
lubrication, may be different in degree, but not in kind. 
This particular phase of viscous lubrication is being further 
investigated. 

Physico-Chemical Forces in Boundary Lubrication 

As there is no simple and direct method of measuring 
the physico-chemical forces under conditions of boundary 
lubrication, many devices and methods have been developed 
to study the effects of such forces. Probably the most 
commonly used arc the various methods of determining 
the coefficient of friction under boundary conditions. 
These measure the oiliness of lubricants and, therefore, 
give methods of directly comparing film-forming properties 
of polar compounds in lubricants. 

Oiliness can be measured in any device capable of being 
loaded to thin-film conditions and equipped to measure 
friction or resistance to motion. Friction is measured 
under two conditions: ‘static’, which is the resistance to 
starting of stationary surfaces; and ‘kinetic’, which is the 
resistance to motion of moving surfaces. 

Hardy’s [20, 1918, 1919-20, 1922, 1926, 1928] method 
for static coefficient of friction, with its slider and inclined 
plane which can be set at varying angles, has been widely 
used by investigators. Table I shows some of our results 


Table I 

Static Coefficient of Friction by Inclined Plane 


Series 

j 

Addition agent \ 

A verage 
coefficient 
of friction 

Decrease 

(%) 

1 

1 1 

Without changing surfaces for] 
check tests: i 

1 None (mineral oil) . i 

0-255 


2 

1 % chlorinated ester 

0-226 

114 

3 1 

0-5 % oleic acid . i 

0-207 

18-8 

4 

Changing surfaces Jor check 
tests: 1 

None (mineral oil) . j 

0-275 

i 

5 

1 % chlorinated ester . | 

0-246 

105 

6 

0-5 % oleic acid 

0209 

24-0 


by this method. The value given for each series is an 
average of 30 tests. The plane and balls were thoroughly 
cleaned with petroleum ether and alcohol between each 
series of determinations shown in the table. The check 
determinations shown in the first part of the table were 
made without changing the contact surfaces, but the 
surfaces were changed between each check shown in the 
second part of the table. Our experience has shown that 
the degree of polish and cleanliness of the bearing surface 
has a great influence on the results. 

The Almen machine [47, 1932] may be used to obtain 
the static coefficient of friction by determining the ‘break- 
away’ torque or the force required to start rotation. 
Table II compares the static coefficient of friction as deter- 
mined with the Almen machine (steel-to-steel) for an 
S.A.E.-30 mineral oil, and the same product blended with 
0-75% methyldichlorostearate and with 0-5% oleic acid, 
respectively. 
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Table II 


Static Coefficient of Friction with Almen Machine 


Mineral oil, S.A.E.-30 . 

Oil plus 0-75% chlorinated ester 
Oil plus 0-5% oleic acid 


Coefficient Decrease 
of friction ( %) 


0-215 
0-194 
0 200 


10 

7 


We have found a simple modification of the Almen 
machine to be of value in the chemical laboratory in 
showing the relative oiliness of various compounds. This 
hand-operated device uses a steel split bushing and a brass 
pin as rubbing surfaces and a spring-loaded torque scale. 
Under a load of 3,000 lb. per sq. in. of projected bearing 
area, the starting torque with a mineral oil and with a given 
compound in the same oil is determined. The reduction 
of the torque of the mineral oil by a number of compounds 
compared with their Timken film strength is given in 
Table HI. 

Table III 

Effect of Polar Compounds on Starting Torque 


No. 

Compound added 

1 Timken 

1 ffhn 

j strcfif^th 
! (//>.) 

Deer east 
in 

torque 

(\) 

“ 1 

Trichlororesorcinol 

125 0 

74 1 

2 

Methyldichlorostearatc 

. ! 28-0 

609 

3 

Chlorostearic acid . 

. 1 64-0 

200 

4 

Elhyldichlorophthalate . 

. 1 380 

240 

5 

Trichloroanisolo 

13-8 

30-4 

6 

1 Oleic acid 

. : 10-3 

33-3 

7 

Hexyl chloride 

8-8 

4-5* 

8 

1 oChlorophcnctole . 

. i 14-8 

8-0* 


* Increase. 

From the table it will be noted that there is no direct 
relationship between film strength and oiliness as measured 
by starting torque. The presence of an element such as 
chlorine in the molecule does not necessarily decrease the 
torque. Since the torque varies with the load and metals 
used, this test is of value to indicate trends rather than 
absolute values. 


Measurement of Kinetic Coetficient of Friction 

The measurement of the kinetic coefficient of friction 
may be determined on the Herschel machine [21, 1923, 
1929]. Table IV gives the coefficient of friction between 
steel and various metals when using an S.A.E.-30 mineral 

Table IV 

Effect of Metal on the Kinetic Coefficient of Friction 


Coefficient of friction 


Bearing surfaces — 
steel on: 

Mineral 

oil 

Oil with 
0-5% 
oleic acid 

Decrease 

(%) 

Tin babbitt .... 

0-150 

0-101 

33 

Cadmium silver 

0-097 

0 110 

11* 

High lead .... 

0-162 

0094 

42 

Phosphor bronze . 

0-173 ’ 

0-176 

2* 

Copper lead (1) 

0-136 

0-126 

7 

,» (2) . 

0-154 

0-145 

6 

No. 1 A.S.T.M 

0-180 

0-140 

22 

Bronze .... 

0-182 

0-126 

31 

Cast iron .... 

0-133 

0-122 

8 


* Increase. 


oil and the same oil blended with 0*5% oleic acid. It will 
be seen that there is a wide difference in the coefficient of 
friction obtained by the polar oleic acid on the different 
metals. 

The Almen machine may also be used for measuring 
the kinetic of coefficient of friction. Table V gives the 

Table V 

Effect of Load on the Kinetic Coefficient of Friction 


Coefficient of friction 


Load (lb. per sq. in.) 

Mineral 

oil 

Oil with 

0 75 % 
chlorinated 
ester 

Decrease 

(%) 

1,000 .... 

0-269 

0-153 

43 

2,000 .... 

0-288 

0-135 

53 

4,000 .... 

0-259 

0 134 

50 

6,000 .... 

0-243 

0-128 

47 

8,000 .... 

0-240 

0125 ! 

48 

10,000 .... 

seized 

0124 



effect of the load in pounds per square inch of projected 
area for mineral oil, and the same oil containing 0*75% 
of methyldichlorostearatc with stccl-to-bronze surfaces at 
1*2 r.p.m. It will be seen that the coefficient decreases 
slightly with the increase in load. Table VI shows the 

Tabu: VI 

Effect of Speed on the Kinetic Coefficient of Friction 



Coefficient of friction 

Speed, r.p.m. 

Load -l,(X)0 1b.: 

0-5 ! 

1 

600 

1,800 

Mineral oil . . . , 

Oil with 0-75% chlorinated ; 

0 230 

0241 

0-289 

ester . . . . ' 

Load-- 5,000 Ib. : i 

0-192 ! 

0192 

0249 

Mineral oil 

Oil with 0-75% chlorinated i 

0-269 

seized 

seized 

ester 

o 

c 

0 162 

0-085 


results obtained by variable speed. The increase in the 
coefficient of friction with speed under the 1,000 lb. load 
indicates viscous lubrication. The decrease in the co- 
efficient of friction with speed under the 5,000 lb. load 
shows the effect of the polar film under conditions of 
boundary lubrication. 

Interfacial Tension 

Another method of studying the physical and chemical 
forces in lubrication involves the measurement of inter- 
facial tension between the lubricant and either a metal or 
water. This may be measured in a number of ways. For 
example, we employed a drop-weight method for deter- 
mining interfacial tension between mercury and an S.A.E.- 
30 mineral oil and the same oil with certain polar addition 
agents. The capillary was constructed to deliver 5 drops 
of mercury each 3 min. Check determinations were hard 
to obtain until the proper technique was developed. The 
total weight of 100 drops was used to determine the average 
weight of one droplet. The difference in density of oil and 
mercury is so great, compared to slight changes in the oil 
density due to the incorporation of the polar compound, 
that this variation may be neglected. Table VII shows 
the results obtained. The decrease in the average drop 
weight corresponds to a similar decrease in interfacial 
tension between the oils and mercury. 
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Table VII 

Interfacial Tension of Mercury against Oil by Drop- 


Weight Method 





Weight of 
! droplet of 



! mercury 

Oil with of: 


i (;?.) 

Mineral oil . 


. : 0-206 

Trichloronaphthalenc .... 


. i 0 192 

Trichlorophcnol . . 


0-191 

Oleic acid ...... 


. ; 0-190 

Monochlorodiphcnylene oxide 


. j 0-186 

Mclhyldichlorostearate 


. ! 0 186 

1 


The interfacial tension between mercury and the various 
blended oils, even though in favour of the use of addition 
agents, does not give a complete picture. Different results 
would be obtained with the same oil blends on other 
metals because of the differences in the nature and magni- 
tude of the fields of force at the surface of various metals. 
Since the other metals are not liquid at reasonable working 
temperatures, this method cannot be employed and is, 
therefore, of little practical value. 

Capacitance Method 

Tausz and Szekely [41, 1930, 1933] determined, by 
capacitance methods, the thinnest film which is stable under 
certain conditions. Since the imperfections of two highly 
polished flat metal surfaces prevent uniform separation 
by a lubricant layer, they used a cleaned, oiled steel ball 
immersed in clean mercury. They found that very tough 
thin films could be obtained with polar vegetable oils and 
lubricants. For example, the films of non-polar oils of less 
than 5,000 A.U. would break in two days, while polar oil 
films 300-1,000 A.U. in thickness were very resistant and 
did not break under equal stress for 65 days. The results 
show that the force with which lubricants are attached to 
metal surfaces depends on the type of polar molecules 
present. A good lubricant should contain compounds with 
such properties, although all polar molecules are not 
satisfactory as addition agents. 

Oil Adhesion 

Parrish and Cammen [34, 1932] define ‘oiliness’ as 
‘adhesion’; and claim that their ‘ Adher-O-Scope’, by 
measuring the amount of oil adhering to a metal drum 
after rotation at high speed, is a measure of this charac- 
teristic. Since some metals are permeable by oil as shown 
by Gill [18, 1935], the Sperry-^mmen tester would not 
distinguish between the polar affinity of molecular layers 
and simple absorption of the oil by the metal. 

Heat of Wetting 

When certain polar liquids arc brought into contact 
with metals, the neutralization of the mutual attraction 
between the polar molecules and the metal-surface mole- 
cules usually results in the evolution of heat. The total 
heat of wetting is dependent on the total metal surface. 
Since a solid metal surface does not have sufficient area to 
give a measurable heat of wetting, a powdered metal is 
used. The surface area is difficult to determine with any 
degree of accuracy when a powder is used; hence the data 
indicate only the relative forces with which the polar 
molecules attach themselves to metal. 


The heat of wetting has been employed to compare the 
lubricating efficiency of different lubricants. Assuming 
that this characteristic is a measure of the adhesivity of the 
lubricant for the metal surface and that no chemical action 
takes place, then the best lubricants should have the highest 
heat of wetting. While it would be possible to have a 
negative value with a positive free energy of wetting, as a 
rule the heat of wetting runs roughly parallel with the 
adhesivity— just as the heat of chemical reaction often 
runs parallel with chemical affinity. 

Bachmann and Brieger [3, 1925] studied the heat of 
wetting obtained by treating certain lubricants with freshly 
prepared copper powder. Following their technique, we 
obtained data on additional substances which are shown 
in Table VIII. The heat of wetting is reported as the num- 
ber of calories produced per 100 g. of copper for each per 
centage of the polar compound in the oil, when a sufficient 
quantity is employed for wetting. Lubricants containing 
polar compounds show a higher heat of wetting than 
refined straight-hydrocarbon lubricants. 

Table VIII 

Heat of Wetting of Oils on Pomlered Copper 


Heat of wetting 
in calories 


Polar compound in oil 

Bachmann 

and 

Brieger 

A uthors 

Mineral oil . 

3-8 

2-8 

Oleic acid 

22-0 

360 

Castor oil 

12-4 


Linseed oil . 

14-4 


Methyldichlorostearate .... 


1 12 8 


All the above methods of investigation pertaining to 
the effect of physico-chemical forces between polar mole- 
cules and metals have contributed to our general know- 
ledge of film lubrication. These methods of test do not 
give any information whatever concerning the structure and 
dimensions of the oriented film. We have used X-rays 
for the study of these films and their characteristics. 

X-Ray Investigations of Effects of Physico-Chemical 
Forces in Lubrication 

The early use of X-rays in studying the characteristics 
of fatty-acid films on metal surfaces led us to the considera- 
tion of X-rays for the general study of polar compounds in 
viscous and boundary lubrication. We found it necessary 
to develop new methods and new technique of applying 
X-rays to the problem. 

Bragg [9, 1925], Trillat [43, 1926-8], and Mueller and 
Shearer [32, 1923] observed from X-ray patterns the 
peculiar properties of fatty-acid films which could be used 
to account for their beneficial properties when added to 
a mineral oil. Trillat proved, by maldng X-ray photographs 
of fatty acids adsorbed on metal plates, that polar com- 
pounds orient directly and spontaneously on metal 
surfaces. 

Fundamental Concepts 

In the interpretation of X-ray photographs certain 
fundamental concepts must be kept in mind. Some polar 
molecules orient so systematically that their thin-film 
structure is quite re^lar — and the entire film behaves as 
a diffraction grating in the same sense as any single crystal. 
By analogy with the X-ray study of crystals, similar studies 





Fig. 3 
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have demonstrated that these polar molecules orient 
themselves in definite fashion side by side. The long-chain 
polar molecules also orient in an end-to-end fashion, the 
degree of which is measured by the number and short- 
ness of the diftraction arcs. This may be illustrated by a 
stack of carpets, each carpet representing a parallel plane 
and the pile of the carpet representing the molecules stand- 
ing perpendicularly to these planes. 

A schematic portrayal of the molecules in the film is 
shown in Fig. 1. The vertical lines represent the hydro- 
carbon chains; the dots at the end of the lines the polar 
groups. The circles are used to designate the interlocking 
fields of force. In the primary film the polar groups are 
directed toward, and firmly attached to, the metal surface, 
m, by virtue of their marked affinity for it. The hydro- 
carbon chains are arranged parallel to one another. When 
a first layer has been formed on the metal surface, a more 
or less homogeneous surface is produced by the free ends 
of the adsorbed molecules, which serves as a foundation 
for the formation of a second layer of attracted polar mole- 
cules. In this way many layers of adsorbed molecules may 
be formed on a metal surface, although the force which 
serves to bind the molecular layers decreases progressively 
as the distance from the surface increases. The polar 
groups standing opposite each other are bound firmly in 
consequence of their strong affinity. In the planes of the 
methyl groups the mutual forces of attraction, as previously 
shown, arc very slight on account of the small affinity 
between these groups. In these planes, therefore, sliding 
can result with minimum friction. 

The polar compound may act in a number of different 
ways in building this film. Fig. 1 a shows how a long- 
chain weakly polar compound, such as mcthylstearate, 
builds a film with the polar end of the first layer of mole- 
cules attached to the metal surface and all the single 
molecules in the succeeding layers oriented in the same 
direction. Molecules of fatty acids, such as stearic acid, 
orient as shown in Fig. 1 b, with the first layer arranged 
mono-molecularly on the metal surface like mcthyl- 
stearate. The succeeding layers are built with a double 
molecular unit, which is formed by the association of 
two molecules because of the high polarity of the carboxyl 
groups. These molecular arrangements are referred to as 
single and double, respectively. 

The type of film formed by chlorinated esters is shown 
in Fig. 1 c. The circles on each of the hydrocarbon chains 
near the carboxyl end represent the fields of force of the 
two chlorine atoms on the alpha carbon. These fields of 
force magnify the total degree of polarity of the molecule. 
By the introduction of the two chlorine atoms, the weakly- 
polar methylstearate becomes more active physico- 
chemically than the stearic acid, and displays a double 
molecular arrangement similar to stearic acid. 

If the chlorine atoms are placed on the chain near the 
middle, they detract from the fields of force around the 
carboxyl group — and cause the molecule to act quite 
differently. Probably in this case the long-chain molecule 
is weakly attached to the metal surface at the carboxyl end 
and at the point of chlorine introduction, rather than 
strongly at the carboxyl end only. 

The planes, j, shown in Fig. 1 b and 1 c are the slippage 
planes which are not present in Fig. 1 a — because, with the 
single-molecular arrangement, there is no plane in which 
the methyl ends of the molecules are in contact. The planes 
p, have the maximum electron-density concentration, and 
are the diffraction planes for the X-ray beam. 


FORCES IN LUBRICATION 

X-Ray Diffraction 

The diffVaction of an X-ray beam by oriented adsorbed 
layers on a metal surface is shown diagrammatically in 
Fig. 2. The planes of diflfraction, p, are the planes of 
maximum electron density as shown in Fig. 1. If a mono- 
chromatic X-ray beam is passed through the film at the 
angle 0 to the ditfraction planes, p, the elements of the 
beam A-A^^nWX be in phase at the points of diffraction 
and will combine to form the diffracted beam, C. If there 
is a sufficient number of molecular layers, the diffracted 
beam will be built up to sufficient intensity — as indicated 
by the broadening of the beam to affect a photographic 
plate placed jx^rpendicularly to the beam. 



The relationship between the factors affecting the 
diffraction of the X-ray beam are given in the fundamental 
formula: 

nX = 2d sin 6, 

in which n represents the number of the order of diffraction, 
A the wave-length, d the distance between the diffracting 
planes, and 6 the angle of incidence. 

If an X-ray diffraction photograph be taken of a crystal 
in which the molecules arc arranged in a perfectly orderly 
fashion in all three dimensions, the result is a geometrically 
arranged scries of sharply defined spots of light. The 
example given in Fig. 3 is the diffraction picture of an iron 
crystal, and shows the perfect pattern resulting from 
complete molecular arrangement or regimentation. 

On the other hand, if an X-ray photograph be taken of 
material in which the molecules are of varying sizes and 
shapes and the arrangement is random, the result is a 
diffused halo, as shown for a hydrocarbon lubricating oil 
in Fig. 4. No diffraction lines or spots arc to be found, anc 
no orderly molecular arrangement is indicated. 

It will be realized that any intermediate stage between 
perfect molecular regimentation as shown by a crystal 
(Fig. 3) and complete random arrangement, as in Fig. 4, 
may be obtained, depending upon the relative degree of 
molecular arrangement. Fig. 5 is a typical diffraction 
photograph showing partial orientation. The more com- 
plete the molecular arrangement, the shorter and sharper 
are the arcs. The greater the number of molecular layers in 
the oriented film, the greater the number of orders of 
diffraction obtained. 
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Polar-Film Thickness of Pure Compounds 

By our study of X*ray photographs it has been found 
that a number of oxygen- and chlorine-containing com- 
pounds give extraordinarily well-oriented films on metal 
surfaces. In some cases, as previously shown, the thickness 
of the layers corresponds to twice the length of the mole- 
cules; or, in other words, each building unit consists of 
a pair of molecules attached end to end, as shown in 
Fig. 1 c. Table IX shows the thickness of each layer, in 
A.U., and the type of arrangement of a number of polar 
compounds. Referring to methylstcarate of single- 
molecular arrangement and methyldichlorostearate of 
double-molecular arrangement, we find that the molecu- 
lar length with the double molecules is not as great as 
twice the single-molecular length. This reduction in 
length with double-molecular arrangement is probably 
due to the mutual saturation of fields of force at the polar 
ends. Our investigation confirms the conclusions of Adam 
[1, 1922, 1923, 1930] and Gilson [19, 1928] that oxygen 
plays a very important part in the formation of these 
protective polar films. 

It is apparent that, knowing both the thickness of each 
molecular layer and the number of layers required for 
each diffraction arc, it would be possible to calculate the 
thickness of the whole adsorbed film. The thickness of the 
layers is shown in Table IX. It is now possible to determine 
the number of molecular layers in the adsorbed film which 
is required to produce a microphotometrically detectable 
order on the photographic plate. 

Table IX 

Layer Thickness and Molecular Arrangement of 
Oriented Films 


Polar compound 

Stearic acid . 

Dichlorostearic acid 

Methylstcarate 

Methyldichlorostearate . 

Methylpalmitate . 

Ethyldichlorostearate 

Cetyldichloroacetate 

Octadecyldichlorostearate 


Molecular 


Layer 

arrange- 

thickness \ 

ment 

. ! 39-5 

double 

. ' 39-2 

double 

26-5 1 

single 

■ j 45-0 1 

double 

■ 1 22-2 1 

single 

. ! 51-5 ! 

double 

■ 1 27-6 

j single 

. 1 42-9 

doubtful 


The determination of this factor depends on the tech- 
nique developed recently by Blodgett and Langmuir [7, 
1934, 1935; 27, 1916-17, 1920, 1934] for the application of 
mono-molecular films one at a time to a solid surface. As 
reported by Clark, Sterrett, and Leppla [11, 1932, 1935], 
we used this method to apply known numbers of molecular 
layers of certain polar materials to various solids. By 
making X-ray photographs at progressive stages, it was 
possible to determine the minimum number of layers 
necessary to produce a microphotometrically detachable 
order of diffraction on the photographic plate. The 
minimum for non-metallic polar compounds was found to 
be from 19 to 45 layers — depending on the type of molecule 
being adsorbed. For example. Table X shows the result 
of picking up mono-molecular layers of stearic acid from 
pure water on a brass rod. It will be observed that, since 
71 molecular layers show only the third order and 125 
show the fifth order, approximately 25 molecular layers 
are required for each diffraction order. The relative in- 
tensity of the odd orders is, as a rule^ greater than the 
intensity of the even orders, as shown by the table. 


Table X 

Orders of Diffraction of Films of Stearic Acid on Brass 


No. of molecular 
layers 

Relative intensity by order number 

1 1 . ! 5 ! 

4 \ 

5 

71 . . . 

7 1 0'5 i 2-5 

0 1 

1 0 

125 . 

12 3-0 1 4-7 

1 

1 


The product of the minimum number of layers and the 
number of orders appearing gives the minimum number of 
molecular layers which must have been formed. Since 
stearic acid shows seven diffraction orders, each requiring 
approximately 25 mono-molecular layers or 12 J double 
layers of 39-5 A.U. thickness (sec Table IX), this film must 
be approximately 3,500 A.U. thick. Upon csterifying 
stearic acid, the polarity is decreased so that only 3 
diffraction orders appear. Therefore, assuming the mini- 
mum 19 molecular layers for each diffraction arc, the film 
thickness with the ester would be only 1,500 A.U. How- 
ever, on chlorinating the ester, 21 dittVaction orders appear. 
Taking the minimum number of molecular layers required 
for each order, and assuming that a linear relationship 
holds for 21 orders, the film thickness of the chlorinated 
ester is approximately 9,000 A.U. This figure is of enor- 
mous magnitude in the field of molecular dimensions, and 
is in good agreement with early estimates of Hardy [20, 
1918-20, 1922, 1926, 1928] and Trillat [43, 1926 -8]. 

The high orders of diffraction shown by the chlorinated 
ester arc quite interesting, as their appearance indicates 
an unusually high degree of orientation. From ample 
data concerning the length of these molecules, we know 
the arrangement is perpendicular to the metal surface and 
that the spacings represent the length of the molecules. 
This fact, coupled with the absence of side spacing, 
indicates the cross-bonding between the molecules by 
secondary forces — which stabilizes the oriented molecules. 
This secondary bonding is obtained, as previously pointed 
out, by the chlorines on the alpha-carbon atom. The 
bonding of the polar molecules on the metal surface, and 
the cross-bonding with the chlorine, is accomplished to 
such a degree that in some cases X-ray patterns indicate 
a new condensed molecular arrangement near the metal 
surface. 

Effect of Metal Surface 

Polar compounds will not orient to the same degree on 
different metals. Table XI shows the results obtained using 


Table XI 

Orientation of Polar Compounds on Various Metals 


Substance 

Iron Zinc 

Cadmium 

Copp 

Stearic acid .... 

• • 1 ^ 

3 

1 

Methylstcarate 

2 i 1 

1 


Octadccylchlorostearatc . 

1 1 2 

2 

3 

Ethyldichlorostearate 

1* i 2t 

2t 1 


Monochlorodiphenylenc oxide . 

1 1 

1 

2 

Trichlorophenol 

11 

3 

4 

Trichloronaphthalcnc 

1 1 1 

. .1 

1 

1 


• Twenty-one orders of dilTraction present, 
t Fifteen orders. 


pure compounds on various metals. The numbers in the 
table have reference to the relative rating of orientation 
observed for the particular compound on the series of 
metals. No comparison is made between the various 
compounds. The number 1 signifies the best orientation; 





Fig. 8 » 


Fig. 8 a 
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2, the next best, &c. It will be seen that most of the com- 
pounds form their thickest film on iron, and that the 
chlorinated ester forms extremely thick films on all the 
metals except copper, as proved by the unusually large 
number of orders of diffraction shown for ethyldichloro- 
stearate. 

In addition to determining the minimum thickness of 
polar films on metal surfaces, we have determined by 
study of mono-molecular layers the actual metal-surface 
area occupied by each polar molecule. Molecules such as 
methyldichlorostearate cluster together side by side on the 
metal surface, and are separated by the thickness of the 
molecule only. The area covered by each of these mole- 
cules, with maximum spreading on a surface, has been 
found to be 20 sq. A.U. 

Orientation in Solution 

We find that polar compounds in dilute hydrocarbon- 
oil solution, such as is used in practiced lubrication, orient 
on metal surfaces more or less completely as they do in the 
pure state. 

It is not possible to see the total number of orders of 
diffraction in the case of X-ray photographs of solutions 
of polar addition agents in mineral lubricating oil, because 
the diffused halo due to the mineral oil completely masks 
the outer orders or arcs. We have, however, been able to 
detect as many as seven distinct orders inside the oil halo 
when using a dilute solution of chlorinated ester. It is, 
therefore, evident that bearing surfaces arc separated by 
more than 6,000 A.U. when a chlorinated ester is used in 
a lubricating oil. Thus, this oriented film is approximately 
as thick as the previously proved minimum film thickness 
for viscous lubrication. 

Regimentation in Solution 

The polar molecules in dilute solution not only orient 
upon the metal surface to a degree approaching perfection, 
but also arrange themselves in an orderly fashion through- 
out the mass of the liquid and tend to direct the regimenta- 
tion of the molecules of the hydrocarbon lubricant. Similar 
cybotactic regimentation has been amply substantiated by 
Stewart [39, 1929, 1930, 1933, 1934] and by many others 
[4, 1930; 11, 1932, 1935; 25, 1928; 36, 1928]. 

This characteristic was investigated by studying the 
effect of the presence of polar compounds upon the crystal- 
lization of paraffin wax from oil-wax solution. Wax 
crystallizes in a randomly arranged mass of small crystals, 
giving a partially oriented diffraction picture in many 
respects similar to Fig. 5. When 5% of a highly polar 
compound such as methyldichlorostearate is added to the 
wax-oil solution, the resultant diffraction pattern is given 
in Fig. 6. The intense short arcs, on both the vertical and 
horizontal axes, represent substantially perfect orientation 
and regimentation. The broad diffused oil halos, represent- 
ing the side spacings of the molecules, have been replaced 
with short, sharply defined spots on the horizontal axis. 
As far as we know, this is the first completely regimented 
arrangement reported for the molecules in a hydrocarbon 
mixture. The polar compounds arrange themselves in 
a widely-spaced lattice structure, which might be likened 
to the structure in a honeycomb. This orderly regimentation 
is such that, when the wax crystallizes from the solution, 
the lattice structure is impressed upon the wax crystals — 
which grow or arrange themselves in conformity with the 
regimentation of the polar molecules. 
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Regimentation in Lubricating Oil 

The effect of polar compounds upon molecular regi- 
mentation in lubricating-oil solutions is not as easily 
demonstrated as in the case of the wax solutions. The 
X-ray photograph of a lubricating oil (Fig. 4) gives no 
visible indication of oriented molecular layers. However, 
the pattern may be investigated by microphotometric 
analysis, thereby showing the variations of the intensity of 
the diffracted X-ray beam radially through the oil halo. 
These variations in the intensity of the halo will be found 
dependent upon the degree of cybotactic arrangement. 
Increasing temperature tends to destroy regimentation and 
produce a more chaotic molecular arrangement. Therefore 
if a microphotometer analysis be made at several increasing 
temperatures, it will be found that the maximum variation 
in intensity becomes less and the halo broadens and becomes 
more diffused. 



Increasing Temperature 
Fio. 7. 


This method, therefore, permits the investigation of the 
eftcct of polar molecules in the oil, since the regimentation 
of a polar compound would tend to resist the disorganizing 
effect of increased temperature. Fig. 7 illustrates the effect 
of the presence of 10 of mcthylstearatc and of methyldi- 
chlorostearate on the temperature-regimentation curve. 
The slopes of the curves show the relative decrease of 
regimentation with increasing temperatures. The vertical 
position of the curves is not significant, as the sensitivity 
of the microphotometer was not the same. From the figure 
it will be noted that the curves for mineral oil and methyl- 
stearate slope downward, showing marked decreases in 
the degree of regimentation with increasing temperature. 
The curve for the blend of oil and methyldichlorostearate 
shows a very small decrease in degree of regimentation, 
with the curve flattening out at the higher temperatures. 
This study was conducted through a temperature range 
up to approximately 250^ C. Further investigations by 
this method disclosed that the amount of regimentation is 
directly proportional to the concentration of the methyldi- 
chlorostearate. 

We may conclude from these examinations that mole- 
cules of chlorinated esters are highly regimented in the 
liquid state by their strong bonding force. These bonding 
forces of the polar molecules affect the oil molecules by 
reducing their tendency towards more random arrangements 
with temperature increases. 
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Metal-fibre Protection as a Measure of Lubricating 
Ability 

Many types of laboratory and field tests have been 
employed to prove that a film of the polar compound is 
beneficial in lubrication. By X-ray technique we have 
found that certain polar compounds in a lubricant will 
protect rubbing surfaces. Our experiments were based on 
the crystalline arrangement at the surface of worked 
metals. 

In forming metals into desired shapes by drawing, 
stresses are applied which serve to arrange the surface 
metallic crystals with a preferred orientation which may 
be termed ‘fibering’, because of the resemblance of the 
X-ray pictures of these surfaces to those of natural fibres. 
If a metal showing such ‘fibering' is re-worked so that the 
direction of stress is at right angles to the original stress, 
the first set of fibres will tend to disappear. The macro- 
scopic directional striations, sometimes visible on the 
surface of metals due to working, are not susceptible to 
X-ray examinations as are the effects due to crystalline 
arrangement. 



Ditfinct O^ffruchon Arc 
Fig. 9. 


The changes in crystal structure due to working were 
utilized in determining the value of polar compounds in 
lubricants for protecting metal surfaces and preventing 
wear and, hence, their lubricating value. A drawn brass 
rod, showing suitable ‘fibering’ in a direction parallel to 
its axis, was made into Almen pins. After X-ray photo- 
graphs had been made of these pins to measure the degree 
of original crystal orientation, they were run for five 
minutes in the Almen machine with various lubricants, 
using a load of 2,000 lb. per sq. in. of projected bearing 
area and a speed of 600 r.p.m. This load was selected 
because it is not great enough to destroy completely the 
surface fibre structure during the test period when a satis- 
factory polar compound is included in the lubricant. 
Photographs of the pin surfaces, after the test, were made 
and compared with the first photographs. 

Fig. 8 A shows a typical picture of the fibre structure 
before use, while Fig. 8 b gives the result on the same pin 
after use. In Fig. 8 a the difference in intensity of the metal- 
dififraction lines between the maximum and minimum 
points is readily seen, while in Fig. 8 b it will be noticed 
that the variation in intensity is much less. While the 
differences in intensity of different parts of a metal halo 
are apparent to the eye in cases such as are represented 
in Fig. 8 a and 8 b, they are more often sufficiently difficult 
to discern so that advantage must be taken of a micro- 
photometer to discover these variations in intensity. By 
measuring in this way the intensity of the light at various 
points along a halo, one may plot intensity against distance 
—obtaining curves such as shown in Fig. % 

Curve WPA represents the intensities around one semi- 


circular line of the X-ray pattern of the new Almen pin 
(see Fig. 8 a) and curve YRB shows the same for the used 
Almen pin (see Fig. 8 b). The peak height of the curves 
compared with an adjacent point of minimum intensity 
is directly proportional to the number of metal crystals 
having that particular orientation. 

YZ 

Hence ,,.„x 100 gives the percentage of fibred structure 

wx 

remaining on the surface of the metal after the test. 


Table XII 

MetaUsurface Protection by Blended Lubricants 



Unit 
load 
{lb. per 
.sq. in.) 

Fibre 

remaining 

% 

Timken 

film 

strength 

{lb.) 

Oil with 1 % of : 

Mineral oil ... 

2,000 

0 

8-8 

»» • • • • 

1,000 

0 


Dichlorostearic acid . . j 

2.000 

37 

38-5 

Methyldichlorostearate 

2,000 

47 

280 

Chlorodiphcnylene oxide 

2,000 

1 40 

280 

Chlorodiphenyl . 

1 2,000 

1 

i 0 

25-5 


In this way the data on the various blends shown in 
Table Xll were obtained. It is apparent from the table 
that, using a straight mineral oil and a load of only 
1,000 lb. per sq. in., the ‘fibering’ was completely destroyed. 
Additions of 1 % methyldichlorostearate to the mineral oil 
gave excellent protection of the surface, as shown by the 
fact that after the test 47% of the original surface ‘fibering’ 
remained unchanged at twice the load. 

Summary 

The physico-chemical forces emanating from metal 
surfaces and from certain types of molecules, known as 
polar molecules, profoundly affect the behaviour of the 
metals and lubricants involved in boundary lubrication, 
and are of importance in viscous lubrication. The attrac- 
tive forces between metal surfaces bearing one on another 
are neutralized by strongly polar molecules, such as 
chlorinated esters of long-chain fatty acids and short-chain 
monohydric alcohols, so that lubrication is improved. This 
is accomplished by the formation of a film in which the 
polar molecules are firmly bound in an orderly fashion 
with respect to each other and to the metal surface. 

Evidence of the action of these forces has been found 
in various physical measurements which serve as prelimin- 
ary indications of the adsorption of polar molecules to 
form oriented films, but this investigation was directed 
to the fundamental study of the physical and chemical 
forces involved and the films formed. 

Under conditions of viscous lubrication, dilute mineral- 
oil solutions of highly polar compounds, such as methyldi- 
chlorostearate, neutralize the fields of force emanating 
from metal surfaces by forming an oriented film and by 
regimenting hydrocarbon molecules in the liquid body of 
the lubricant which affords slippage planes of minimum 
resistance. These actions of the polar films arc of impor- 
tance in explaining the anomalous coefficients of friction 
in viscous lubrication. X-ray investigation of adsorbed 
film structures of pure compounds shows that the type of 
molecular building unit, regularity of arrangement, and 
the number of molecular layers formed depend on the 
compound and on the metal. The strongly polar molecules 
of certain chlorinated esters form adsorbed films on metals 
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of unusual thickness and regularity of arrangement. The 
thicknesses of these oriented films of strongly polar com- 
pounds on metal surfaces are of enormous magnitude 
when compared to molecular dimensions. The present 
results show a film thickness of 9,000 A.U., which serves 
as a confirmation of Hardy’s measurement of 10,000 A.U., 
Trillat’s of 9,000 A.U., and Tausz’s of 8,500 A.U, 

In order to demonstrate that the orienting ability of the 
pure polar compounds is also effective in dilute solution, 
oil-wax mixtures were investigated. In dilute mineral-oil 
solution, methyldichlorostearate forms films of such 
thickness that a pair of metal surfaces approaching the 
limit of viscous lubrication of about 6,000 A.U. are 
separated by a completely oriented film of polar molecules. 

The stability of the regimented (cybotactic) groups of 
polar addition agents in lubric^ting-oil solution is demon- 
strated by the resistance of methyldichlorostearate blends 
to the disorganizing effect of temperature increases. 

By means of a new method of measuring changes in 
the surface structure (fibering) of metals, it has been shown 
that lubricants containing methyldichlorostearate actually 
protect rubbing metal surfaces from wear. 
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APPENDIX 

During the preparation and publication of the present 
article more detailed studies of some of the subjects dis- 
cussed here have appeared. The use of the Timken machine 
for the preliminary investigation of the behaviour of a wide 
variety of halogen compounds has been described by 
Bert H. Lincoln, Gordon D. Byrkit, and Waldo L. Steiner 
{Ind. Eng. Chern. 28, 1191 (1936)). By carefully controlling 
the conditions of the Timken test and by expressing the 
results in terms of the Timken index, differences in the 
structure of the organic molecules are rendered comparable. 
Generalizations are presented, attempting to correlate the 
structure of the addition agent with its effect on Timken 
film strength. 

The experimental methods used in the X-ray investiga- 
tions are described in considerably greater detail by 
George L. Clark, Robert R. Sterrett, and Bert H. Lincoln 
{Ind. Eng. Chem. 28, 1318 (1936)) in three articles covering 
the structures of solid and unimolecular films, orientation 
effects of additional agents, molecular regimentation and 
chemical reactions in liquid oils and blends and the X-ray 
method of rating lubricants in terms of protection against 
surface wear. 
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THE CHEMICAL NATURE OF LUBRICATING OILS 

By F. B. THOLE, D.Sc., F.I.C. 

Chemisty Anglo-Iranian Oil Company, Ltd. 


Although a considerable number of somewhat unsyste- 
matic and sporadic attempts have been made to elucidate 
the problem of the chemical nature of the hydrocarbons 
in lubricating oil, the amount of reliable information on 
this subject is strikingly small. This is perhaps hardly to be 
wondered at when one considers the difficulty involved in 
an analytical study of a mixture of many hydrocarbons 
which may include not only paraffins, naphthenes, aro- 
matics, and olefines, but molecular structures in which 
paraffin-naphthene, naphthene-aromatic, or paraffin-aro- 
matic-olefinc systems may be linked together. 

That all or most of these groupings are present is shown 
by the facts that: 

(a) Analysis indicates an empirical formula generally 
lying between C„H 24 and CnHaw-A, the C/H ratio 
being least in the so-called (and probably mis-called) 
paraffin or Pennsylvanian type and greatest in the 
so-called asphalt-base oils. 

(b) The oils generally show a small iodine value ranging 
from nearly zero up to 10. This value is never precise 
as in the case of most fatty oils but depends con- 
siderably on the experimental details of the method 
used [5, 1916], and this difference from the rapid and 
definite iodine (or bromine) absorption characteristic 
of olefinic compounds has led many chemists to 
doubt if olefinic systems are present in the oil unless 
(as is not usually the case) deliberate cracking has 
been employed in the distillation process. 

(c) Aromatic ring systems are indicated by the fact that 
many of these oils give solid products with formalde- 
hyde and sulphuric acid (the ‘formalite reaction’) 
and will moreover absorb hydrogen in the presence 
of catalytic nickel with consequent creation of 
naphthene rings. 

Normal paraffins (which at this molecular weight viz. 
400-500, are high-melting solids) must be absent, but 
possibily branched chain paraffins are present. Many of 
the more complex aromatic ring compounds derived by 
hydrogenation of phenanthrene, chrysene, retene, and 
piccne, as well as numerous alkylated derivatives of di- 
phenyl, have been synthesized and some of these are liquids 
with a viscosity, boiling-point, and molecular weight not 
dissimilar from those of lubricating oil fractions, but there 
is no evidence of their presence in the natural material. It is 
probable that the fluorescent colouring matter in most 
unrefined lubricating oils is aromatic in structure, a proba- 
bility confirmed by the fact that it is extracted by concen- 
trated sulphuric acid and is destroyed by hydrogenation, 
but the amount in any case is almost infinitesimal. 

By extraction with selective solvents such as SOj, phenol, 
furfural, or nitrobenzene, petroleum lubricating oils may be 
separated into fractions of greater and lesser solubility in 
the solvent used. The more soluble fraction, in which no 
doubt the aromatic and olefinic molecules, if present, are 
concentrated, has the higher C/H ratio, the greater degree 
of unsaturation towards hydrogen, the greater tendency to 
oxidation to asphaltic matter, and the lower viscosity index, 


and in these respects such an ‘extract’ is not dissimilar from 
the complex hydrocarbons obtained by polymerizing ethy- 
lene and other simple olefines by heat or by catalysts nor 
from the products obtained by condensing aromatic hydro- 
carbons with olefines or with chlorinated paraffins. This 
fraction is, however, regarded as undesirable in a refined 
lubricating oil and is eliminated in the process of refining. 

While it is very evident that precise information as to 
the hydrocarbons in lubricating oil is almost non-existent, 
no hydrocarbon of known constitution ever having been 
isolated from or identified in a lubricating oil, some know- 
ledge of the structures present can be obtained by the 
methods recently developed by Vlugter, Waterman, and 
van Westen [ 6 , 1932, 1935]. According to these investi- 
gators the molecular complexity of these hydrocarbons is 
such that their structure can best be expressed in terms of 
percentage aromatic rings, percentage naphthenic rings, 
and percentage paraffinic chains. To illustrate the proposal 
one may consider ethyltetrahydronaphthalene which is a 
molecule containing an aromatic ring, a naphthene ring, and 
a paraffinic side-chain. The formula C 6 H 4 .C 4 H 7 .C 2 H 5 is 
thus equivalent to 48% (by weight) of aromatic rings, 34% 
naphthenic rings, and 18% paraffinic chains. 

By determining the mean molecular weight of a lubricat- 
ing oil fraction and the amount of hydrogen it will absorb 
on hydrogenation with a nickel-kieselguhr catalyst the per- 
centage of aromatic nucleus can be determined. By then 
determining the specific refraction of the hydrogenated 
product the proportion of naphthene rings to paraffinoid 
chains can be calculated from curves previously prepared 
from data derived from the rcfractivity-molecular weight 
relationships of known paraffins and simple and poly- 
nuclear naphthenes. It becomes possible in this way to 
state that a certain Pennsylvanian oil fraction with a mean 
molecular weight of 512 consists of 8 % aromatic rings, 
15% naphthenic rings, and 77% paraffinic chains, while a 
certain ‘naphthene base’ oil of mean molecular weight 349 
contains 32% of aromatic rings, 29% of naphthene rings, 
and 39% paraffinic chains. It is, of course, not possible 
to decide if the paraffinic chains are side-chains attached to 
aromatic or naphthene rings or whether they are separate 
purely paraffinoid hydrocarbons, though the low melting- 
point precludes the presence of normal paraffins. Neverthe- 
less this method of attacking the problem is the only one 
yet devised which has afforded any insight into the chemical 
nature of the hydrocarbon structures present in these oils. 

Mikeska [4, 1936], realizing the practical impossibility of 
recognizing by analytical methods any individual hydro- 
carbon in a lubricating oil, prepared a large number of 
synthetic hydrocarbons consisting of various combinations 
of aromatic and hydroaromatic nuclei with each other and 
with short and long side chains. The chief physical proper- 
ties of these, such as viscosity-temperature relationship, 
optical properties, aniline point, and specific gravity, were 
then tabulated and form a sounder basis than most of the 
previously recorded data for deductions as to the chemical 
constitution of hydrocarbons of high molecular weight. 
Mikeska’s paper contains a detailed bibliography of earlier 
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(and often erroneous) publications on this subject. An- 
other worker on similar ‘synthetic’ lines is Hugel [1, 1931] 
who prepared a series of aromatic, hydro-aromatic, and 
paraffin hydrocarbons and recorded some of their physical 
properties. 

With information thus available Mair and Willingham 
[3, 1936] at the Bureau of Standards approached the 
problem from the analytical side. They took as starting 
material an Oklahoma lubricating oil and by extraction 
with sulphur dioxide, filtration through silica gel, and de- 
waxing prepared a stock of a water-white hydrocarbon 
mixture. This was separated by systematic fractional dis- 
tillation in vacuo into a scries of sharply cut fractions of 
close boiling range. Each fraction was then fractionally 
extracted with acetone and thus divided into some thirty 
sub-fractions. They then determined the empirical formula, 
molecular weight, and many physical properties of a selec- 
tion of these fractions and compared the data with those of 
Mikeska’s synthetic hydrocarbons of known constitution. 
Where there is a close resemblance in many properties 
between a fraction and a synthetic hydrocarbon of known 
constitution it is a reasonable assumption that a structural 
similarity exists. The conclusions arrived at are that the 
least soluble fractions, i.e., those corresponding with a 
highly refined (solvent extracted) lubricating oil consist 
substantially of naphthenes containing from one to three 
rings in the molecule with attached alkyl groups. The more 
soluble portions consist of naphthenes with more than three 
rings together with some unsaturated hydrocarbons and 
possibly some aromatics. There is no evidence for the pre- 
sence of iso- or branched chain paraffins. It is not improb- 
able that the most soluble fractions contain both one-ring 
aromatics and multi-ring (approximately six-ring) naph- 
thenes. 

It will be noted that these conclusions, which seem the 
soundest yet available, support the views of Vlugter, Water- 
man, and van Westen and not those of Kyropoulos 
[2, 1928] who from a study of densily-refractivity relation- 
ships concluded that iso-paraffins were present in con- 


siderable quantities. It is noteworthy that all analyses on 
record of lubricating oils show a negative value for jc in the 
formula C„ 4-x, though, of course, a mixture of iso- 
paraffins and dicyclic naphthenes would still give a mean 
formula with jc as a negative quantity. 

In addition to hydrocarbons all petroleum lubricating 
oils contain small proportions of sulphur compounds and 
possibly also oxygen compounds. These, like the more 
reactive hydrocarbons, are to a considerable degree 
removed by sulphuric acid treatment or by extraction with 
selective solvents in the course of refining, but very drastic 
extraction with sulphuric acid is necessary to effect 
approximately complete elimination. The normal sulphur 
content of a refined lubricating oil generally lies between 
0*2 and 1-5%, which on a basis of a mean molecular weight 
of 450 would imply a content of sulphur compounds 
between 3 and 20%. We have no knowledge, however, as to 
the molecular weights of such sulphur compounds nor as 
to which classes of sulphur compounds (mercaptans, sul- 
phides, disulphides, or sulphur-ring structures of the thio- 
phen or thiophane type) arc present. Whatever their type, 
however, they are very stable for a well-refined lubricating 
oil even with a sulphur content approaching 2% has to be 
inert to copper and other metals with which it is in contact 
when in use. 

As regards oxygen compounds, again practically nothing 
is known, but most oils, especially the highest-boiling 
fractions, show a small saponification value, generally 
below 1, which implies the presence of traces of esters or 
lactones. 

Since nitrogen compounds (mainly quinoline derivatives) 
are known to be present in small amounts in the kerosine 
and gas-oil fractions of certain petroleums (notably in 
California) it is probable that they arc also present in un- 
refined lubricating oil. As, however, sulphuric acid is 
generally employed in some stage of the refining process 
it is highly improbable that any of these bases will be present 
in the refined oil and none has been recorded. 
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DENSITY, REFRACTIVE INDEX, AND RELATED CHARACTER- 
ISTICS OF LUBRICATING OILS AND BITUMINOUS 

SUBSTANCES 

By A. L. WARD, Manager, Chemical Laboratories, The United Gas Improvement Company', S. S. KURTZ, Jr,, 
Development Engineer, The Sun Oil Company, W. H. FULWEILER, Consulting Chemical Engineer 


(a) Gravity in the Examination and Classification of 

Lubricating Oil. 

Lubricating oils may be divided into three general classes: 
(1) paraffinic oils, (2) mixed base oils, and (3) naphthenic 
oils. 

The paraffinic-type oils change viscosity less rapidly with 
temperature than the naphthene base oils. The naphthene 
base oils show less carbon deposit in the Conradson carbon 
test [2, 1930] than paraffinic oils. Although there is little 
real experimental evidence for the superiority of paraffin 
base oils in actual service, oils of this type are at present 
favoured by many large producers. There has, therefore, 
been much interest in the use of physical constants to 
distinguish between oils of these various classes. 

At present the situation is further complicated by the 
appearance on the market of hydrogenated oils, oils which 
owe their good viscosity slope to the addition of small 
proportions of compounds of colloidal dimensions and of 
approximately straight-chain type, and also by the produc- 
tion of oils prepared by solvent extraction. 

For a given boiling-point (or viscosity) low density (high 
API. gravity) has long been recognized as an indication of 
paraffinic quality. Table III (vide infra) shows the increase 
in density on passing from paraffinic-type to naphthenic- 
type lubricating cuts. These data were interpolated from 
enlarged reproductions of the curves of Hill and Ferris 
[8, 1925]. On the basis of data of this type Hill and Coats 
[7, 1928] developed the viscosity-gravity constant which may 
be very conveniently used for classifying lubricating oils. 

This constant is given by the equation 

^ 10G-1 0752log(Fi-38) 

■ lb-log(Kj-38)" ’ 

where G == sp. gr. 60760“ F. (15-56“ C.) and = Saybolt 
Universal viscosity at 1(X)“ F. (37-8“ C.); or 
G-0-24-00221og(K,-35-5) 

° “ 0-75r 

where Kj — Saybolt Universal viscosity at 210° F. 

An alinement chart for calculating this constant is 
given in the Appendix [9, 1931]. A formula based on 
kinematic viscosity for use with low-viscosity oils will be 
found in the section on Diesel Fuels. All the lubricating 
cuts of a normal crude have, as a general rule, and with 
few exceptions, the same viscosity-gravity constant. This 
constant is not a function of boiling-point or molecular 
weight. Some crudes, however, particularly naphthenic 
crudes, have a large variation in viscosity-gravity constant, 
as shown in Fig. 1 for typical Gulf Coast oils labelled 
no. 2 and Mirando respectively. 

McCluer and Fenske [16, 1932] have presented an inter- 
esting discussion on the relation between viscosity-gravity 
constant and viscosity index and have developed a constant 
of their own called the ‘Gravity Index’. The ‘gravity 
index’ is determined from the specific gravhy at 60° F. and 
the Saybolt Universal viscosity at 100° F. The ‘gravity 


index’ was developed in such a manner that a linear pro- 
portionality exists between it and the viscosity index of 
Dean and Davis. The relations discussed in this article are 
helpful if it is necessary to predict viscosity slope on the 
basis of the gravity and the viscosity at one temperature 
only. As pointed out by McCluer and Fenske, the relations 
between the various constants are not entirely reliable. For 
example, the usual relation between viscosity-gravity con- 
stant and viscosity index breaks down entirely in the case 
of synthetic oils prepared by the polymerization of olefines. 
The writers have also found that the usual relation between 
viscosity-gravity constant and viscosity index is of no value 
in the case of blended oils containing hydrogenated rubber 
or other substances having a beneficial effect on viscosity 
slope. The change in viscosity-gravity constant in such 
blends is proportional to the amount of blending agent 
added, as is the specific viscosity 


^specific viscosity 


kinematic viscosity blend 
kinematic viscosity stock 


-1 


)■ 


whereas the change in viscosity index is greatest with the 
first increment of blending agent. The viscosity index is 
very generally used, not because it is fundamentally sound, 
but because there is no general agreement with regard 
to any better classification. The viscosity-gravity constant 
is not a substitute for the viscosity index, but it is a valuable 
constant for classification and one which is related in a 
simple manner to other fundamental constants. 

In Table I viscosity-gravity constants are given for a 
few representative American crudes. Table II gives the 


Table I 

Viscosity-gravity Constants of the Lubricating-oil 
Fraction of a few Representative Crudes 




Viscosity- 

Repre- 



gravity 

sentative 

Type 

Crude 

constant 

value 

Naphthenic 

Sourlake, Texas 

0-916 



Miranda, Texas 

0-903 



Heavy Mexican 

0-894 



Sunset, California 

0-885 



Gulf Coast no. 2 

0-885 

0-880 


Spindle Top, Texas 

0876 



Gulf Coast no. 1 

0-864 



Light Mexican 

0-860 



Van Zandt County, Texas 

0-852 


Intermediate or 

Seminole, Okla. I 

0-844 

I 

mixed base 

Reagan County, Texas 

0-839 

1 

(Mid-Continent) 

Mid-Continent 

0-837 

1 0-835 

Salt Creek, Wyo. 

0-829 


Burbank, Okla. 

0-828 

1 


Ranger, Texas 

0-827 

1 

Paraffinic 

Pennsylvania 

1 0-807 



Eureka, Pa. 

Buckeye, Ohio 

1 0-804 

1 0-800 

0-805 


Mill Town, Pa. 

0-800 
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Table II 

Gravities of Lubricating Oils corresponding to Viscosity Classification of the Society of Automotive Engineers [19, 1932] 







Gravity* 

of S.A.E. oils if prepared from typical crudes 






having viscosity-gravity constants 

as follows: 





Approximate range 

0805 


i 0-835 

0-880 




of Saybolt Uni- 

Pennsylvania 

Mid-Continent 

Gulf Coast 



S.A.E. 

versal viscosity 

Sp. gr. 1 

°API. 

I Sp. gr. 

°API. 

Sp. gr. 

°API. 

Description 


no. 

130° Ft 

210° Ft 

60° 160° F. 

60° F. 

60° 160° F. 

60° F. 

60° 160° F. 

60° F. 

Light motor oil . 


20 

120 to 

(50) to 

0-873 

30-7 

0-896 

26-5 

0-930 

20-8 




185 

(60) 

0-878 : 

29-7 

! 0901 

! 

25 6 

0-935 

19 9 

Medium motor oil . 


30 

185 to 

(60) to 

0-878 , 

29-7 

j 0901 

25-6 

0-935 

199 




255 

(69) 

0-881 

29-1 

I 0-904 

25-0 

0-838 

19-4 

Heavy motor oil . 


40 

255 

(69) to 

0-881 

29-1 

0-904 

25-0 

0-838 

19-4 





75 

0-883 

28-8 

I 0-906 

24-7 

0-939 

19-2 

Extra-heavy motor oils 


50 


75 to 

0-883 

28-8 

1 0906 

24-7 

0-939 

19-2 





105 

0-888 : 

27-8 

i 0 911 

i 

23-8 

0945 

18-2 

Extra-heavy motor oils . 


60 


; 105 to 

0-888 

27-8 

1 

1 0-911 

23-8 

0945 

18-2 





1 125 

1 

0-891 

27-3 

i 0914 

23-4 ! 

0-947 

17-8 

Tractor and transmission oils . 


70 


! 125 to 

' 0-891 

27-3 

0 914 

23-4 

1 0947 

17-8 





: 150 

0-893 1 

26 9 

0916 

22-9 

0950 

17-4 


♦ Calculations on basis of viscosity at 210' F. using nomographic chart 19, 1931]. 

t S.A.E. 50 to 70 oils arc spccilied by viscosity at 210° F.; S.A.E. 20 to 40 arc spccilied on basis of viscosities at 130° F. The 210° F. viscosi- 
ties on the 20 to 40 S.A.E. oils arc only approximate. 


ranges of specific gravity which correspond to the viscosity 
limits for the grades of lubricating oils specified by the 
Society of Automotive Engineers [19, 1932], assuming that 
these oils are prepared in turn from lubricating stocks of 
0-805, 0-835, and 0-880 viscosity-gravity constant respec- 
tively. 

(b) Specific Gravity, Boiling-point, and Viscosity- 

gravity Constant. 

Specific gravity (60'V60 ’ F.) and vi.scosity-gravity con- 
stant are proportional to each other, for materials of the 
same boiling-point, as shown in Fig. 1 . This figure was 
constructed from the data of Hill 
and Ferris [8, 1925] by interpola- 
tion. Kurtz [12, 1935] pointed 
out that a similar linear relation 
exists between specific gravity and 
viscosity-gravity constant for the 
raffinates and extracts from a given 
stock. For example, using the 
data of Ferris, Birkheimer, and 
Henderson [6, 1931] for Stock 
no. 2, the following equation may 
be written : 

v.g.c. = M4xsp. gr.--0-185. 

This equation represents the data 
for extraction of Stock no. 2 with 
each of 25 different solvents, at 
temperatures ranging from — 7 ' C. 
for sulphur dioxide to 125® C. for 
furfural. The constancy of the 
relation is based upon the fact 
that these solvents separate upon 
the basis of hydrocarbon type, 
and that the stock, extract, and 
raffinate all have approximately 
the same molecular weight and 
boiling range. The slope of these 

IV 


lines varies within the range 1-06 and 116. For example, 
the data of Davis and McAllister [4, 1930] show a slope 
close to l-IO. 

This graphic treatment of the boiling-point gravity rela- 
tion supplements the algebraic treatment of Hill and Coates 
[7, 1928] and of Jackson [11, 1935]. Fig. 1, for example, 
may be used in planning the processing of a given stock. 
Suppose that a lubricating stock of 0-850 v.g.c. is available 
and that it is desired to produce a lubricating oil of 0-810 
v.g.c. having a viscosity of 50 sec. Saybolt Universal at 
210 ' F. From the viscosity-gravity nomograph, one can 
determine that this oil must have a sp. gr. (60760® F.) of 



O 
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0-877. By reference to Fig. 1 it can be seen that to produce 
such an oil by solvent extraction from a stock of 0-850 v.g.c. 
the stock must be cut to approximately 0-916 sp. gr. 
60760° F., or slightly above 300° C. b.p. at 10 mm. 

In connexion with solvent extraction studies, Hunter and 
Nash [10, 1935] and others have developed graphic methods 
of correlating solvent extraction data in which the specific 
gravity is of importance. A particularly convenient and 
direct method of plotting solvent-oil phase diagrams on 
the basis of per cent, solvent and either specific gravity or 
viscosity-gravity constant which has been in use by the 
Atlantic Refining Company since 1932 was published by 
Kurtz [12, 1935]. 

(c) Refractive Index in the Examination and Classifica- 
tion of Lubricating Oils. 

At the present time the refractive index is rarely used in 
the routine examination of lubricating oils. The usual 
opinion has been that the refractive index is roughly pro- 


portional to the density and that there is no good reason 
for taking the refractive index. This point of view is now 
definitely out of date. It is probable that as knowledge 
concerning the real composition of lubricating fractions 
is accumulated it will become standard practice in the 
thorough examination of lubricating fractions to determine 
the refractive index and dispersion. 

This will be discussed more fully in connexion with the 
section on Analysis of Lubricating Oil. An indication of 
the possible usefulness of refractive index data may be 
gained by calculating the refractivity intercepts of lubricat- 
ing oil boiling under 10 mm. Hg pressure at 220° C. as 
indicated in Table 111. The following refractivity intercept 
values arc obtained : 


Pennsylvania ..... 1 0481 
Mid-Continent ..... 1 0482 
Gulf Coast no. I .... 1 0497 
„ no. 2 .... 1 0472 

„ no. 3 (Mirando) . . . 1 0523 


Table III 


Refractive Index and Density of Cuts of American Lubricating Oils [8, 1925]* 


Boiling-point 
at 10 mm. 

Pennsylvania 

dewaxed 

Mid-Continent i 

dewaxed 

Gulf Coast 
no. 1 

Gulf Coast 
no. 2 

Gulf Coast 
no. 3 

,•20“ 

dio 

„‘20- 

j20“ 

d^> 

! «T i 

dT 

^ I) 

dT 

D 

I ‘20" 1 

d^^ 

nr 

140 

0*818 

1*4562 

0 841 

1*4668 ! 

0867 

1*4788 

0 886 

1*4874 

0*900 1 

1*4954 

180 

0 830 

1 4627 

0*857 

1 1*4757 1 

0 887 

1*4913 

0906 

1*5003 

0 925 i 

1*5118 

220 1 

0*843 

1*4696 

0*873 

i 1*4847 ! 

0900 

1 *4997 

0*924 

1 5092 

0*948 1 

1*5263 

260 I 

0*857 

1*4771 

0*887 

i 1*4941 1 

0913 

1*5061 

0*937 

1*5162 

0*970 

1*5367 

300 

0*871 

1*4830 

0897 

1 1*5015 1 

0922 1 

1*5110 

0*942 

1*5207 

; 0*990 

1*5462 

340 

0880 

1*4885 

i 0*915 

j 1*5090 1 

0930 

1*5181 



1 .. 1 



* Interpolated on enlarged curves. 


Table IV 


Physical Properties of Original Oily IVax, Sulphur-dioxide Extract^ and ‘ Water-white' Oily A,PJ. Project 6 [18, 1935] 



Original oil | 

yVax 1 

Sulphur-dioxide extract 

‘ Water-white' oil 




Kinematic j 



Kinematic | 



Kinematic 



Kinematic 






viscosity | 

Density | 

viscosity j 

Density 

viscosity 

Density 

viscosity 

Density 







o 


i 











'b-Si 

^*13 

^ -S 


g 

/-s 

b a 


*1 

5 

Ul V. 


b S 

<N w 

5 

b ^ 

1 

b 

o 

8| 

b 2 


b ^ 

k; ^ 

b 

is 

k; 5 
b 2 

1 

S 

b 


23 

24 

0094 

0-103 

0 0460 
0*0452 

0*854 

0856 

0*835 

0*836 

0 0615 
0*0705 

0*0330 

0*0354 

0*783 

0*794 

0*761 

0*773 

1*89 

1*72 

0*0807 

0*0828 

0*989 

0*987 

0*948 \ 
0*963 / 

0*214 

0 0422 

0*849 

0*804 

1*4684 

3,134 

25 

26 

0*113 

0*119 

0*0480 

0*0523 

0*858 

0*859 

0*837 

0839 

0*0735 

0*0825 

0*0379 

00400 

0*799 

0*800 

0*799 

0*780 

2 60 
2*72 

0 0915 
0*0942 

0*983 

0*983 

0 9501 
0*956 / 

0*257 

0 0465 

0*847 

0*802 

1*4704 

2,512 

27 

28 

0*128 

0*138 

0*0536 

00575 

0*860 

0*862 

0*840 

0-842 

0*0822 

0*0893 

0 0410 
0*0473 

0800 

0*805 

0*781 

0*784 

4*12 

4*57 

0 113 
0*125 

0*992 

0 991 

0*948 \ 
0*955 j 

0*300 

0*0498 

0*850 

0*809 

1*4709 

2,944 

29 

30 

0*138 

0*143 

0*0583 

0*0588 

0863 

0859 

0*843 

0*839 

0*0902 

00925 

0*0518 

0*0457 

0 805 
Q-804 

0*786 

0*783 

6*79 

3-37 

0*137 

0*118 

1*013 

0*971 

0-982 \ 
0-932 j 

0*328 

0*0547 

0*850 

0*821 

1-4733 

2,189 

31 

32 

0*176 

0213 

0*0687 

0*0828 

0*865 

0*870 

0*844 

0850 

0*104 

0*118 

0 0498 
0*0555 

0*813 

0*812 

0*792 

0*792 

191 

0-359 1 

1*067 

0*990 

0*409 

00604 

0*857 

0*831 

1*4739 

2,214 

33 

34 

0-256 

0-311 

0*104 

0*108 

0*873 

0*877 

0*856 

0*857 

0*131 

0*173 

0*0777 

0*0736 

0*819 

0826 

0*799 

0*806 

28-5 

0-268 1 

0993 

0*950 

0*591 

0*0785 

0*856 

0*819 

1-4743 

1,608 

35 

36 

0-329 

0446 

0-114 

0-146 

0*879 

0*884 

0*859 

0*865 

0*187 

0-0785 

0*0835 

0-829 

0*810 

0*807 

64-7 

0-383 1 

1*007 

0*960 

0*757 

0*0882 

0860 

0*825 

1-4771 

958 

37 

38 

0-557 

0-648 

0*160 

0*187 

0*886 

0-891 

0*867 

0*870 


00976 

0-1102 


0*817 

0*818 

384 

0-712 1 

1*032 

0*970 

0*824 

0*0952 

0*862 

0*825 

1-4772 

505 

(a)tFrom silica gel hold- 

<23-8 





2*80 

0-122 

0*972 

0*955 

0*605 

0*0715 

0*878 

0*841 

1-4909 

1,423 

(6)1 up points (see text and <29-32 





6-60 

0-187 

0*967 

0*936 

0*584 

0-0769 

0*866 

0*826 

1*4815 

595 

(c)jFig.4) 



(33-8 





8*78 

0-255 

0*949 

0*912 

1*13 

0*1096 

0*873 

0*845 

1*4861 

1,693 


Total wax 20*25 kg. 

J j. 


Total extract = 17-93 kg. 


Total ‘water-white* oil 


1,978 kg. 
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The low value of Gulf Coast oil no. 2 relative to Gulf 
Coast oils nos. 1 and 3 as well as to Pennsylvania and 
Mid-Continent indicates that this lubricating oil is rela- 
tively rich in saturated cyclics, whereas Gulf Coast nos. 

1 and 3 are relatively more aromatic. At present it is 
difficult to check the validity of such a conclusion because 
methods of analysing lubricating oil are still in a state of 
development. 

(d) Specific Gravity and Refractive Index in the Ana- 
lysis of Lubricating Oils for Paraffinic, Naphthenic, 
and Aromatic Hydrocarbons. 

The development of analytical methods for determining 
the composition of the high-boiling petroleum fractions, 
such as lubricating oil, has been hindered by the lack of 
physical property data on pure compounds of high mole- 
cular weight. A paper by L. A. Mikeska [17, 1936] (of the 
Standard Oil Development Company, Bayonne, N.J.) con- 
tains extensive tables of data on such compounds. The 
analysis of lubricating oil will enter a new era when there 
are available in the literature physical property data for 
a variety of pure compounds of 250 to 450 molecular 
weight. 

The American Petroleum Institute Project no. 6 (carried 
on at the Bureau of Standards in Washington, D.C.) is now 
engaged in the systematic separation of Mid-Continent 
lubricating oil into components [18, 1935]. Table IV in- 
dicates the thoroughness with which the preliminary work 
is being carried out. Eventually this programme will yield 
much fundamental information, and will result in the de- 
velopment and improvement of many methods of separat- 
ing hydrocarbons. 

Of the older work, that of Mabery deserves especial 
mention because it provided much needed data in the early 
days of petroleum research. Mabery’s procedure was 
usually to distil to 2(X)"’ C. at atmospheric pressure, and 
from there up to 300'^ C, at 30 mm. The fractions were 
thoroughly acid treated, caustic washed, and dried with 
calcium chloride. Formulae were assigned to the fractions 
on the basis of carbon and hydrogen analyses and mole- 
cular weight determinations. In his later work Mabery 
used selective solvents as an aid in separating high-boiling 
materials. Table V gives much of his data for compounds 
containing 1 5 and more carbon atoms. Mabery determined 
refractive indices at 25° C. in part of his work, therefore 
many refractive indices for which temperatures were not 
•given have been assumed to have been taken at 25° C., and 
have been corrected to 20° C. on that basis. 

M. Bestushew [3, 1931] records densities and refractive 
indices for lubricating-oil fractions before and after treat- 
ment with 2i to 3 vol. of 98 to 1(X)% sulphuric acid at 
room temperature. Naphthenic acids were removed from 
the stock with sodium hydroxide before the initial pro- 
perties were obtained. On the basis of the initial and final 
properties and the percentage loss in treating, Bestushew 
calculated the physical properties and carbon and hydrogen 
analyses of the materials which had been removed. These 
materials he identifies as aromatic, whereas the material 
which did not react in his sulphuric acid treatment he calls 
naphthenic. His data are given in Table VI. In his dis- 
cussion he places most emphasis on carbon and hydrogen 
ratio rather than on density and refractive index, and con- 
cludes that lubricating oils contain rings with side-chains, 
the number of rings per molecule increasing with molecular 
weight. 


Table V 

Data on Petroleum Fractions obtained by C. F. Mabery 



Source | 

Ref. 

Formula 

Mol. 

wt.* 


20 - 

CnH,, i 

Ohio 1 

[5, 1913] 

Cx»H,o 

210 

0*819 

1*448 

Canadian 


,, 

0*818 

1*452 


Ohio 



224 

0*824 

1*451 





238 

0*832 

1*454 


Pennsylvania 


CjgKsi 

266 

0*820 

1*451 




C„H„ 

322 

0*855 

1*471 




C 24 H 4 . 

336 

0*858 

1*473 


M 


C 2 .H», 

364 

0*856 

1*472 


Ohio 

[14, 1923] 

C 14 H 2 , 

204 

0*861 

1*467 


t ahfoniia 

[5, 1913] 

CijHso 

222 

0*879 

1*472 


Icxas 




0*888 

1*469 






0*890 

1*486 





236 

0*895 

1*474 


Louisiana 

,, 



0*880 

1*478 


Ohio 


Cx.H,, 

264 

0*845 

1*463 


Texas 




0*900 

1*495 


Ohio 



292 

0*853 

1*467 




C„H «2 

306 

0*860 

1*471 




C,4H4. 

334 

0*862 

1*473 


Pennsylvania 


C 2 ,M ,2 

376 

0*867 

1*474 


•• 

- 

L 2»H54 

390 

0*868 

1*482 


Louisiana 


C.aH,, 

220 

0*875 

1*483 






0*894 

1*485 


Obit) 1 

[14, 1923] 


218 

0*865 

1*469 


California 

[5, 1913] 

C 17 H 20 

234 

0*898 

1*480 


Louisiana 




0*902 

1*490 


Ohio 

[14, 1923] 

,, 

226 

0*865 

1*474 


California 


Cj gH,, 

248 

0*898 

1*484 


Louisiana 




0*906 

1*494 


Ohio 



244 

0*878 

1*473 


Louisiana 

[5, 1913] 

C„H34 

262 

0*917 

1*499 


Ohio 

[14, 1923] 


258 

0*868 

1*475 




C 20 H.. 

270 

0*870 

1*477 


Louisiana 

[5, 1913] 


262 

0*915 

1*500 


Ohio 


C„H4, 

318 

0*882 

1*482 




C 24 H 44 

332 

0*885 

1*482 



[14, 1923] 


334 

0*879 

1*481 



[5. 1913] 

C26H4t 

346 

0*889 

1*483 



[14, 1923] 

- 

348 

0*879 

1*484 

Materials non- 

Pennsylvania 

[15, 1927] 

C2*H4S 

633 

0*886 

1*505 

volatile at 


,, 

C„Hn4 

851 

0*898 

1*502 

300° C. and 

Ohio 

,, 

C,4H,a 

493 

0*905 

1*511 

30 mm. of Kg 


,, 

L siHiti 

908 

0*898 

1*505 

and insoluble 

Mid-Continent 

,, 

C„H44 

510 

0*904 

1*505 

in alcohol 

,, 

,, 

CasHijo 

803 

0*912 

1*510 

and ether 


,, 

C'aaHjit 

856 

0*929 

1*498 




C ssHao 

477 

0*909 

1*514 


Texas 


C 3 .II .4 

502 

0*930 

1*494 


.. 

- 

C siHji 

482 

0*926 

1*496 

Fractions from 

C-’abin Creek 

[14, 1923] 

C 12 H 40 

309 

0*871 

1*494 

high-boiling 

West Va. 

,, 

C 43 H 100 

717 

0*879 

1*490 

cuts which 


,, 

C 4 ,H„, 

803 

0*881 

1*483 

are soluble in 

Fmbelton, Pa. 

,, 

C,.H„ 

384 

0*875 

1*495 

alcohol and 


,, 

CaaHao 

438 

0*877 

1*491 

ether 


,, 

C, 7 H,„ 

518 

0*879 

1*890 


Sour Lake 


C..H 44 

450 

0*936 

1*500 


Texas 

,, 

C„H,4 

531 

0*949 

1*498 



,, 

C„H„, 

849 

0*959 

1*496 


Baku, Russia 

M 

C,7H4* 

381 

0*914 

1*494 

Fractions from 

C'abin Creek 


C„H4, 

459 

0*868 

1*490 

high-boiling 

West Va. 

,, 

C 44 H 100 

750 

0*882 

1*489 

cuts which 

„ 

,, 


1,696 

0*901 

1*483 

arc insoluble 

Fmbelton, Pa. 

,, 

C 40 H 7 , 

549 

0*870 

1*494 

in alcohol 

,, 


CsaUjoi 

805 

0*882 

1*489 

and ether 

„ 

,, 

L|2iH234 

1,730 

0*903 

1*489 


Sour Lake 


C 44 H 71 

602 

0*942 

1*499 


Texas 


L 51 H 24 

792 

0*965 

1*496 


Baku, Russia 


C8oHi40 

1,098 

; 0*935 

1*493 


* Molecular weights, ref. [5], arc calculated from formula; refs. [14, 151 
arc experimental values, some obtained in stearic acid and some in benzene. 


S. Kyropoulos [13, 1929] and Davis and McAllister 
[4, 1930] have developed methods of analysing lubricating 
oil based on density and molecular weight or boiling-point. 
These workers tabulated a limited amount of pure com- 
pound data, mainly for compounds of less than 200 mole- 
cular weight, and on the basis of series relations for these 
low molecular weight compounds, interpreted as well as 
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Table VI 

Data of M. Bestushew on Lubricating-oil Fractions 
from Russian Crudes 


Boiling- 






j point at 

'Pressure 


Den- 

Refrac. 


Crude source pressure J 

{ in mm. I 

lescrip- 

sit}\ 

indext 

Empirical 

or type A', * C. 

o/Hg 

tion* 



formula 

Grosney crude 

1 


A 

0-855 

1-4738 


containing 145-75 

5 

B 

0-822 

1-4543 


parafRn i 


1 

C 

0-966 

1-538 


1 

i 

i 

A 

0-870 

1-4835 

CaoH,. 

! 175-205 1 

5 ! 

B 

0-835 

1-4600 


1 



C 

0-956 

1-5428 

Ca.H,*., 

1 

1 


A 

0-903 

1-4957 1 


215-45 ! 

5 1 

B 

0-858 

1-4710 i 


1 

I 

1 

C 

0-986 

1-5520 1 




! 

A 

0-907 I 

1-5028 1 

Cj7.7H47.* 

: 245-75 

5 1 

B 

0-870 1 

1-4759 1 

Ci*.iHs8.7 



1 

c 1 

0-99 1 

1-5598 1 

Cw-aHs? 

Balachany 

1 

1 

A 1 

0-876 ! 

1-4860 1 

Ci7.al'l»0‘7 

crude 155-85 

6 1 

B 1 

0-847 1 

1-4671 } 

Gi7.4H5j.7 


i 

1 

c 1 

0-976 

1-5406 1 

C4,.4H„.. 




^ i 

0-908 1 

1-5022 

Caa.sHax., 

225-55 ! 

6 


0-885 j 

1-4824 

^74.11-141. 4 




C 

0-976 

1-5504 


: 

, 


A 

0-919 1 

1-5060 i 

Cj4.,H44.7 

250-80 i 

6 ! 

B 

0-893 1 

1-4892 1 

C,..5H4*.7 

! 

1 

; 

C 

0-996 ! 

- ■ ; 

C,».iH34.* 

i 

i 

1 

A 

0-921 1 

1-5065 1 

Cm.7H4. 

! 266-96 1 

6 { 

B 

0-895 ! 

1-4894 ' 

Cs.-.H,,.. 

i 

1 

i 

C 

0-996 


C|4.iHs4.4 

Kalushsky 

1 

1 

A 

0-889 

1-4901 ! 


crude 1 

159-80 

6 I 

B 

0-860 

1-4679 ! 


! 

i 

C 

0-956 

1-5372 

Ci.-aHa, 

1 


j 

A 

0-899 i 

1-4974 



180-201 ] 

6 i 

B 

i 0-862 i 

1-4892 



1 

! 

C 

: 0-966 

1-5521 

C’i4*7Hh.7 


1 


A 

j 0-927 

1-5162 

C„.,H,7 


223-44 

6 

B 

0-878 

1-4775 

C34.aH4« 

i 


1 

C 

! 0-986 

1 

1-5635 

Cao.jHje.i 

1 


1 

A 

i 0-943 

1-5200 

CJ 7 . 4 H 4 J .7 


244-65 

6 

B 

1 0-895 

1-4823 

L'ji.iHaj.j 



1 

C 

1 

j 1-006 

1-5700 

C„.,H.4a 

i 

1 


1 

1 

i A 

j 0-949 

1-5208 

Cti.aHaj.* 

! 

265-86 

6 

1 ^ 

1 0-904 

1-4860 





1 c 

j 1-006 

•• 

Cn-iHs#-! 

Maikop crude ! 



1 

A 

0-885 

1-4885 

CifeHji.t 


178-214 

1 

B 

0-837 

1-4604 

LioHj7.4 



1 

1 

C 

0-976 

1-5407 




1 

1 

A 

0-913 

1-5051 

CtJ.*H44 


250-86 

i 11 

B 

0-868 

1-4736 

Ct7'tHM*» 



1 

C 

0-976 

1-5501 

Cj$.*H*4.* 




A 

0-920 

1-5145 

Ct4**H*o.* 


286-315 

11 

B 

0-885 

1-4790 

C.,. 4 H„ 



; 

C 

0-976 

1-5733 

C'a7.iH4i.j 

Surachany 


1 

A 

0-861 

1-4794 

Ci4.4H$4.t 

crude 

211-48 

7 

B 

0-836 

1-4615 

C»**4H44.4 



j 

C 

0-966 


1 ^ 14 . 41444.1 

Dossor crude 



A 

0-882 

1-4867 

C|f4nf4.# 


206-42 

6 

B 

0-863 

1-4748 

Cfi.*H44 




C 

0-966 

1-5411 

Clt'lHf*.# 




A 

0-893 

1-4932 

Cij-iHii.* 


277-313 

6 

B 

0-873 

1-4793 

C 81 . 4 H 44.1 




C 

0-996 

1-5610 

C,.H„ 


* A » Original fraction free from naphthenic acids. 

B ■- Residue after treatment with 2^-3 vol. 98-100% HtS 04 at room 
temperature. Called naphthenes. 

C » Properties calculated for material removed by fcid on assumption 
that properties are additive. Called aromatics. 


they could data for lubricating-oil fractions of 300 to 450 
molecular weight. Their methods may become more 
generally used when physical property data for pure com- 
pounds of high molecular weight arc available, so that less 
extrapolation will be required. The data on lubricating oil 
tabulated by Kyropoulos is given in Table VII. 


Table VII 

Miscellaneous Data on Refractive Index of 
Lubricating Oils 



1 Mol. 

1 

1 

Aniline 

Description 

Ref 1 

h7.* 1 

1 

1 

point 

Valvolinc oil, AAAX 

[13, 1929] 

825 1 

0-8874 1 

1-4916 1 


.. M EH 


760 j 

0-8874 

1-4920 j 


„ „ special heavy 

i 

650 

0-8820 1 

1-4891 


„ ,, H 

„ 1 

603 1 

0-8818 j 

1-4884 i 


„ .. XRM 

1 

612 1 

0-8806 1 

1-4880 


.. M MA 

„ i 

500 ; 

0-8725 1 

1-4840 1 


.. ml 

•• 1 

413 ; 

0-862 ! 

1-4774 


.. WLB 

! 

427 

0-858 i 

1-4752 


„ „ M8 

1 

295 , 

0-8437 i 

1-4663 


Veedol a 1 

M 1 

466 ; 

0-8944 1 

1-4989 


.. b , 


488 

0-8944 ! 

1-4988 


Harlcy-Davidson ; 


554 ! 

0-9016 

1-4996 


Texaco oils, Ford ! 


354 j 

0-9305 i 

1-5131 


„ light 


346 

0-9304 ; 

1-5137 ' 


„ „ medium 

,, 

362 i 

0-9328 

1-5149 


„ heavy i 


382 1 

0-9357 i 

1-5158 I 


„ ,, super heavy 

,, 

462 ' 

0-9366 

1-5163 


,, ,, Russian oil HM i 


424 ! 

0-9396 1 

1-5165 


„ Mobil Arctic I 

*» 

351 1 

0-9225 ! 

1-5117 


M A 1 

M 1 

410 , 

0-9245 

1-5118 


.. bb i 

.. 1 

470 ! 

0-9258 

1-5114 


Penns>lvania lubricating oil 1 

[21, 1935] ! 

512 1 

0-8760 ■ 

1-4877 

111-8 

Same, hydrogenated j 

,, ' 

511 ; 

0-8632 

1-4750 

121-0 

Naphthenic base oil j 

,, 

349 ; 

0-9690 

1-5420 

52-6 

Same, hydrogenated j 

1 

352 ! 

0-9235 

1-4989 

90-4 

Oil no. i ! 

i 

334 

0-9419 i 

1-5251 

62-0 

Oil no. 1, hydrogenated 


339 

0-8932 ; 

1-4858 

94-0 

Oil no. 2 ; 

- 

419 

0-9089 

1-5019 

92-2 

Borneo oil dist. charge stock i 

[23, 1934] 

342 

0-9995 

1-5642 

40-0 

SO, and benzene extract J 


317 

1-0399 

1-59 

i ( -15) 

„ „ raOinato j 


398 

0-9484 

1-5206 

75-2 

Fractions of charge stock: 

»> 


] 



Cuts 15-7% by vol. 1 ! 


287 1 

1-0005 1 

1 -5654 

20-2 

.. 2 i 

1 

320 

1-0048 1 

1-5690 

1 26-2 

3 ' 

1 

336 

1-0033 

1-5668 

32-5 

M 4 


354 

1-0005 1 

1-5640 

35-0 

.. 5 


377 1 

0-9978 ; 

1-5610 

43-8 

.. 6 1 


383 1 


1-5594 


Fractions of raffinate (38-2% j 






of charge): 






Cuts 13-3% by vol. 1 


331 

0-9454 

1-5141 

63-5 

„ M 2 


378 

0-9505 1 

1-5198 

68-2 

M .. 3 


399 

0-9501 1 

1-5200 

72-2 

.. 4 


418 

0-9503 j 

1-5201 

76-4 

M „ 5 


447 


1-5228 

78-6 

„ „ 6 


446 

0-9555 

1-5214 

82-0 

Fractions of residue (55-3% 






of charge): 






CuU 14-6% by vol. 1 


262 

1-0163 

1-5845 


M .. 2 


379 

1-0348 

1-5973 


„ „ 3 


293 

1-0399 

1-6018 


M .. 4 


302 

1 -0424 

1-6032 


„ „ 5 


319 

1-0377 

1-6033 


„ M 6 

1 

344 

1-0437 

1-600 



* Molecular weights, refs. [13, 23], by cryoscopic method using benzene. 

„ „ ref. [21], „ „ „ „ naphthalene. 


By far the most thorough work directed towards a prac- 
tical method of determining the composition of lubricating 
oil is that of Waterman and his associates [20, 1935; 23,^ 
1934; 24, 1935]. In this work great reliance is placed on 
refractive index and refractive dispersion measurements. 

These workers have used the atomic refraction constants 
of Eisenlohr (C = 2-418, H= MO) and calculate the 
Lorentz-Lorenz specific refractions of naphthenes and 
paraffins. Fig. 2 shows the relation between specific refrac- 
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tion and molecular weight, and is used for determining the 
weight per cent, of naphthene rings and paraffin chains in 
aromatic-free oil obtained by hydrogenation. 

Their complete method calls for (1) repeated hydrogena- 
tion until the specific dispersion {na,-nc)ld is less than 
158, which assures complete hydrogenation; (2) measure- 
ment of and df on the product; (3) determination of 
molecular weight; (4) evaluation of per cent, naphthene 
and per cent, paraffin with Fig. 2. 

The per cent, of aromatic material in the original sample 
is arrived at from the change in aniline point during hydro- 
genation, i.e. r C. rise in aniline point = 0-85% by weight 
of aromatic rings. This is subtracted from the percentage 
of naphthene in the completely hydrogenated sample in 
evaluating the original composition. 

Table VIII shows the application of this method to the 
study of the extraction of Borneo oil distillate with sulphur 
dioxide. It is clear that the method is laborious and time- 
consuming, but it is by far the best method of analysing 
lubricating oil that has thus far been developed. 


Specific Gravity of Asphalts, Coal Tars, and 
Bituminous Substances 

(a) Asphalts and Bituminous Substances. 

The monumental work of Herbert Abraham [1, 1929] on 
Asphalts and Allied Substances is so complete and so 
authoritative that it should be consulted by any one wishing 
complete information on the relation between specific 
gravity and other properties of asphalts. Table IX gives 
specific gravities, viscosities, and fusibilities of bituminous 
substances according to the date and classification of Abra- 
ham. Table X gives specific gravities for unblown and 
blown asphalts from various crudes. 

For many purposes asphalts with specific gravities above 
1 0 are preferred, since such asphalts have no tendency to 
flow upwards when submerged in water. Most asphalts 
have specific gravities between 1 *000 and 1 • 1 50, but refined 
Tnnidad asphalt may have a gravity as high as 1 -4, which 
is about the same as that of bituminous coal, or that of 
the heaviest horizontal gas-retort tar pitch. 



Table Vlll 

Application of Waterman's Analysis to the Study of Sulphur Dioxide and Benzene Extraction of Borneo Oil Distillate 



— 


1 




i 

i 

«“-l 1 

i 

Mol. wt. 


1 





1 

Ultimate analysis 



! 

i 

i 

/iM 2J 1 
for 

D line 


in 

benzene 

Ani- 1 
line j 

no' -nC 
d 

7o 

paraffinic 

7. 

7. 

aromatic 



"AC 1 


X 


f i 

A 

/ 1 

/ 1 

at f.p. 

point 1 

X 10* 

chains 

naphthenic 

rings 

Charging stock, 




D 

1-5642 

20 1 

0-9995 

20 

0-3255 

20 

342 

40 


35 

25 

40 

Borneo oil dist. 








' 









Charging stock 

observed 

86*5 

13 

C 

1-4973 

? 

0-9281 

20 

0-3170 

20 

342t 

87-8 

152 

35 

65 

0 

completely 

calculated* 

870 

13 

D 

1-5001 

20 











hydrogenated 




F 

1-5063 

20 















G' 

1-5115 

20 








” 



SO,+C,H, 

observed 

87-7 

12-1 

D 

1-5077 

50 

o 

o 

50 

0-3207 

50 

398 

75-2 


43 

39 

18 

refined product 
(38-2% wt.) 

















Refined product 

observed 

86-3 

13-3 

D 

1-4843 

1 50 1 

0-8962 


0-3194 

20 

373 

96-4 

149 

43 

57 

0 

completely 

calculated* 

86-8 

13-2 

C 

1-4752 

1 70 

0-8842 

70 

(0-3186) 







hydrogenated 




D 

l‘41TI 

! 70 














F 

1-4836 

1 70 















G' 

1-4884 

70 











Extract 

observed 

89-6 

8-7 

D 

1-59 

1 20 

1-0399 

20 



317 



34 

10 

56 

(55-3% wt.) 

















Extract 

observed 

86-9 

12-7 

C 

1-4979 

20 

0-9272 

20 

0-3175 

20 

306 

79-0 

157 

34 

66 

0 

completely 

calculated* 

870 

130 

D 

1-5005 

! 











hydrogenated 




F 

1-5069 















G' 

1-5124 

L:* 






. 





— 7 


;,*_l I t Molecular weight in naphthalene. 

• — Calculated from ^ ^ * 
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PRODUCTS OF PETROLEUM 
Table IX 

Specific Gravity of Bituminous and Related Products according to H, Abraham [1, 1929] 




1 

i 

Sp. gr. at 1 
77" f. {of 

Engler vise. 

1 

1 



1 


non-mineral 

212^ F. 

Fusibility 

Penetration 

Genus 

Species j 

Member 

matter) 1 

100 c.c. 

°F. j 

at 77" F. 

1 Petroleums 

Non-asphaltic 

075-090 


<32 

Liquid 

i i 

Semi-asphaltic j 

080-095 

1 

-.32 i 

„ 

i ! 

1 

Asphaltic 

0-85-100 

‘ ■ 1 

<32 ; 


1 Natural waxes i 

Ozokerite i 

0 85-1 00 


140-200 

5-10 


1 

Montan wax | 

0 90-1-00 1 


170-200 1 

05 

Bitumens 

1 

Natural asphalts | 

<10 /o mineral matter 1 

095-M2 


60-325 1 

0-350 


! 

>10% ,, 1 

095-M5 i 

1 

i 

60-400 i 

0-150 


Asphaltites | 

Gilsonite i 

105-M0 i 

i 

250-350 

0-3 

1 

1 

Glance pitch 

l-ia-M5 ! 

1 

250-350 ; 

0 5 

1 

! 

Grahamite 

M5-1-20 j 


350-600 1 

0 

! Asphaltic pyro- ! 

Elaterite 

0 90-1-05 ! 


Inf. i 

Rubbery 

j bitumens | 

Wurtzilite 

1 05-1 07 i 


1 

” 1 

0-5 

i j 

Albertite i 

107-110 



0 

! 1 

Impsonitc i 

MO-1-25 1 


,, 

0 

Pyrobitumens i 

1 

Asphaltic pyrobituminous shales j 

150-1-75 



0 

i 

Non-asphaltic 1 

Peat (dry) j 

0-15-1-05 


„ 

0 

1 

pyrobitumens 1 

Lignite (dry) I 

lOa-1-25 


,, 

0 

i 


Bituminous coal i 

1-20-1 -40 ' 


,, 

0 

1 


Anthracite coal i 

1-30-160 j 

• • 

,, 

0 

1 


Lignite and coal shales 

1-30-1-75 ' 


- 

0 


Pyrogenous waxes 

Wax tailings 

100-110 

50-100 

60-100 

10-150 

j 


Paraffin wax 

0-85-095 

25-50 

100-150 

5-50 


Petroleum tars 

Carburetted water-gas tar 

10(KM8 

25-50 

<0-10 




Oil-gas tar 

095-1 10 

25-50 

<0-20 



Coal tars 

Horizontal gas-retort tar 

1-18-1-33 

150-650 

<0-40 




Inclined „ „ 

M5-1-25 

100-300 

<0-30 




Vertical „ „ 

108-M6 

25-50 

<0-25 


Pyrogcnous 


Coke-oven coal tar 

M5-1-26 

30-100 

< 0-25 ; 


distillates 


Blast-furnace coal tar 

0-95-110 

75-100 

<0-25 ! 




Gas-producer „ 

1 12-1-20 

100- 00 

<0-50 




Low-temperature coal tar 

095-1-12 

25-50 

' <0-25 



Wood tars 

Pine tar 

1 05-1-15 

165 

0-50 ! 




Hardwood tar 

1-10-1-21 

£50 

0-50 



Miscellaneous tars 

Peat tar 

0-90-1-05 


40-60 




Lignite tar 

0-85-1-05 


60-90 

i 



Shale tar 

1 0-85-^95 ! 

1 

60-90 

1 



Bone tar 

1 0-95-1-05 

i 

i 0-10 



Pyrogenous 

Residual oils 

j 0-85-107 


i 32-110 

i 100-350 


asphalts 

Blown petroleum asphalt 

! 0-95-1-07 


80-400 

! 25-200 



Residual asphalt 

1-00-1-17 


80-225 

i 0-150 



Sludge asphalt 

1-05-1-20 


80-225 

! 0-150 



Wurtzilite asphalt 

1-04-1-07 


150-300 

! 2-20 


Petroleum pitches 

Carburetted water-gas-tar pitch 

MO-1-25 


80-300 

0-100 


Oil-gas-tar pitch 

1-15-1-30 


80-300 

0-100 


1 Coal-tar pitches 

Horizontal gas-retort-tar pitch 

1-25-1-40 


80-212 

0-100 


Inclined gas-rctort-tar pitch 

1-25-1-35 


80-212 

0-100 

Pyrogenous 

residues 

i 

Vertical gas-retort-tar pitch 
Coke-oven coal-tar pitch 

1 15-1 -30 
1-20-1-35 


80-300 

80-300 

0-100 

0-100 


Blast-furnace coal-tar pitch 

1-20-1-30 


80-212 

0-100 



Gas-producer-tar pitch 

1-20-1-35 


80-212 

0-100 



Low-temperature-tar pitch 

MO-1 -26 


80-200 

0-100 


Wood-tar pitches 

Pine-tar pitch 

MO-1-20 


100-212 

0-100 


Hardwood-tar pitch 

1-20-1-30 


100-212 

0-100 


Miscellaneous 

Rosin pitch 

1-08-M5 


120-200 

10-100 


pitches 

Peat-tar pitch 

105-M5 


100-250 

0-100 


Lignite-tar pitch 

1-05-1-20 


80-250 

0-100 



Bone-tar pitch 

MO-1 -20 


80-225 

0-100 



Fattvnacid pitch 

0-90-M0 


35-225 

5-350 
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Table X 

Specific Gravity of Petroleum Asphalts [1, 1929] 




Specific gravity 77°/77'’ 

F. 




far various samples 


Type of product 

Field 

1 

2 

3 

4 

5 

Unblown asphalt from 
semi-asphaltic petro- 
leum 

Mid-Continent 

1050 

1*078 

1*119 

1*145 




Unblown asphalt from 

Mexican 

1*015 

1*024 

1*036 



asphaltic petroleum 

Trinidad 

1*095 

1*120 

1*40 

1*42 



Venezuela 

1*082 

1*105 




California 

1*065 

1*095 

1*113 

1*127 

1158 


Gulf Coast 

1*022 

1*033 


.. 


Japan 

1*050 



•• 


Blown asphalt from 

Lima, Indiana 

0*987 

1*002 

1*005 

1*015 

1 1*021 

non-asphaltic petro- 
leum 

1 





! 

1 

Blown asphalt from 

Illinois 

0*958 

1*010 



1 

i *• 

semi-asphaltic petro- 
leum 

Mid-Continent 

0*988 

1 1*009 

1*016 

1*029 

I 1*054 

Blown asphalt from 

Mexico (Panuco) 

1*005 

1*015 

1*022 

1*037 


asphaltic petroleum 

Venezuela 

1*050 

! 1*072 


1 



Columbia 

1*016 

1*018 i .. 




California 

1*008 

1*045 

1*060 

1 1*070 



Gulf Coast 

1*004 

1 1*032 j .. 

! •• 



(b) Coal Tars. 

Volkman, Rhodes, and Work [22, 1936] have recently 
published a thorough study of the physical properties of 
coal tars. Properties were determined both before and 
after filtering, with a pressure filler, while hot. These 
authors conclude that surface tension and adhesive qualities 
can be estimated from the specific gravity of the filtered 
tar since there is a linear relation between specific gravity 


and surface tension. Alundum extraction shells of medium 
porosity were used for filtration with 50-lb. pressure, the 
whole filtering set-up being immersed in a hot-water bath 
(temperature not stated). Table XI presents a small part 
of the data of Volkman, et al. 


Table XI 

Specific Gravity and Surface Tension of Filtered and 
Unfiltered Coal Tars [22, 1936] 


^ ^ 1 

1 


Surface 



1 1 



tension 


Con- 

! 



at 90° C. 


sistency 

1 ! 

i 


by bubble 

Vohy 

float 




process. 

wt. dist. 

test at 

Condition j 

1 

Sample 

Sp. gr. : 

dynes 

up to 

32° C. 

of tar ; 

Type of tar j 

no. 

25^(25° C. 1 

per cm. 

300° C. 

sec. 

Unfiltered 

Vertical 1 

1 V 

1*154 

31*5 

13*7 

166*5 


retort j 

1 ; 

2 V 

M56 

32*1 

14 9 

162*4 


1 1 

By-product j 

3 C 

1*175 

35*7 

16*1 

184*6 


coke oven j 

4 C 

1*195 I 

37*5 

15*5 

181*9 



5 C 

1*207 1 

39*8 

13*4 

182*0 


6 C 

1*215 

40*1 

10*2 

173*9 

! ! 

7 C 

1 1*218 

39*8 1 

13*6 

183*7 

1 Horizontal j 

8 H 

1*241 

! 38*9 

14*4 

184*3 

1 retort i 

9 H 

1*270 

1 

18*9 

176*3 

Filtered 

Vertical i 

1 V 

1*145 

1 31*4 

13*7 

160*7 


j retort 

2 V 

1*150 

32*2 

16*8 

168*7 


, By-product 

3 C 

1*172 

1 

34*9 

17*1 

188*0 

' coke oven 

4 C 

M93 

37*3 

16*4 

187*2 


5C 

1*202 

39*9 

17*0 

171*2 

' 

6 c 

1*209 

40*2 

11*3 

167*8 



I 

1*207 

39*9 

17*3 

186*2 


I Horizontal 

1 8 H 

1*196 

38*6 

18*9 

134*6 

j retort 

j 9 H 

1*202 

38*2 

22*9 

110*1 
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LUBRICATING GREASE 

By F. MACKLEY, B.Sc., M.Iiist.P.T. 

Refinery Manager, Stanlow Installation, Shell Refineries Ltd, 


The term ‘lubricating grease’ is one which is used rather 
loosely to include a great variety of products, which range 
in consistency from fluid oils to comparatively hard 
materials, many of which are not in a strict sense of the 
word true greases but may be a mere mixture or solution 
of various ingredients such as bitumen, petroleum jelly, 
mineral oil, &c., to give special lubricating properties. 

True greases are mixtures of soap, usually lime or soda 
base, and mineral or fatty oil, with or without water, pro- 
ducing more or less stable emulsions of suitable stiffness; 
and such products represent by far the greater bulk of the 
grease manufactured. 

It would appear that the first serious attempt to manu- 
facture greases of consistent quality was only so recent as 
70 years ago, although there is no doubt whatsoever that 
even before that time such simple lubricants as tallow, lard, 
and suet were available and were extensively used. It is also 
probable that soapy derivatives from such basic fats must 
occasionally have been used, together with other fatty or 
mineral oils, but it is only in comparatively recent years, 
with the development of the automobile and special require- 
ments of industrial machinery, that any serious attention 
has been given to producing lubricating greases suitable to 
withstand the working conditions involved. 

The early development of such greases was in the hands 
of families of greasemakers who worked largely by ‘boiling’ 
in open pans the greases prepared to their own closely 
guarded formulae and methods, and whilst a considerable 
amount of credit is due to them for the relatively high 
quality of the products, the ever-growing demands for 
specialized lubrication called for a more scientific handling 
of grease manufacture than was possible from the old type 
of ‘grease boiler’, and production in modem factories is 
now almost entirely under laboratory control. In a similar 
manner the development of suitable formulae now has a 
basis in a considerable amount of research into the various 
factors governing the properties of greases, coupled with 
specialized tests as to performance in actual practice or in 
specially designed test machines; and at the same time 
productive plant and equipment are under progressive 
development by technical experts. 

The problems confronting the present-day grease manu- 
facturer are exceedingly varied, in that he must be able to 
supply not only greases of all types, but greases varying 
widely in consistency and in other characteristics such as 
tenacity, stability, melting-point, and load-bearing proper- 
ties. In order to facilitate the production of such a variety, 
the modem grease factory must therefore be capable of 
great flexibility, both as regards methods of manufacture 
and productive capacity, and must also have the necessary 
facilities for the easy and efficient packing of the products 
into suitable containers. Such a plant should therefore con- 
sist of a manufacturing building not less than three stories 
high to house the manufacturing units, the flow of work 
being arranged downwards to the ground floor, on which 
all packing, storage, and delivery, should be comfortably 
accommodated (Fig. 1). Adjunctive to the manufacturing 
building should be a suitable power house capable of sup- 
plying the necessary heating steam, preferably at high and 


low pressure, for the heating of the manufacturing kettles 
and melting of ingredient fats, &c. As it is also necessary 
to supply some means of raising the temperature of certain 
greases to above 250® C., provision should be made for this 
to be done either by direct gas heat or preferably by a hot 
oil circulating unit, which could be housed conveniently 
along with the boilers in the power house. In a typical 
modern factory the top floor of the manufacturing building 
would house the measuring tanks used for the measuring 
and melting of ingredient fats, oils, caustic soda solution, 
&c., together with necessary gear for the preparation of 
lime mixtures which will be used to convert the fats into 
lime soaps. The supply of mineral oil into these measuring 
vessels should be arranged by gravity flow from overhead 
tanks or by pumps operating on a suction manifold to tanks 
situated at a lower level, and storage should be available 
for several qualities of mineral oil. 

The contents of the measuring vessels mentioned above 
should be made to flow into the autoclave situated on the 
floor below, either by gravity through a suitable filter to 
take out any particles of dirt or other contaminating 
material brought in with the fats, or preferably it could be 
transferred by means of a pump which would enable the 
autoclave to be charged under pressure if necessary. Each 
autoclave should be conveniently arranged to discharge by 
means of a swing arm on the outlet valve into either of two 
jacketed kettles on the floor below, which are used for 
finishing the manufacture of the grease. These jacketed 
kettles should be capable of being heated by means of 
high-pressure steam or being cooled by means of water 
through the steam jacket. The manufacturing kettles may 
be made to discharge directly into suitable containers for 
the finished grease, or preferably the grease could be 
pumped through a suitable fine-mesh filter, in order finally 
to eliminate any possibility of contaminating material, 
which might easily block the nozzles of certain types of 
plant used in modem methods of grease lubrication. 

In such a manufacturing unit as the above it is desirable 
to make provision to by-pass ingredients from the measur- 
ing kettles direct to the manufacturing kettles if necessary, 
so that any method of open-pan manufacture can be 
employed instead of the autoclave method. 

Generally speaking, it would be desirable at least to 
duplicate a system as is described above, in order to provide 
the necessary flexibility for a daily manufacturing pro- 
gramme, and it would be also desirable to provide at least 
three additional open kettles of varying sizes, one of which 
should be capable of high-temperature work, so as to be 
able to handle easily demands for special types of greases for 
which autoclave production is not necessary or desirable. 

With regard to desirable features which should be allowed 
for in the autoclaves (Fig. 2), one of the most important 
is that the vessels should be capable of withstanding 
internal pressures of up to 150 lb. per sq. in., and if heat is 
supplied by means of a hot oil circulating system, the 
jacket should be capable of withstanding at least 50 lb. per 
sq. in. The internal walls of the autoclave should be 
smoothly fabricated, and the stirring gear, preferably of 
the planetary type, should be capable of a wide variation 
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in speed up to a maximum of about 30 revolutions per 
minute. It is also desirable that the stirring gear should 
be carried on a stout frame shape to a vertical section of 
the vessel, and carrying spring-steel scrapers which will 
efficiently scrape clean the sides of the vessel on each 
rotation, thereby improving the heat 

transference and avoiding any possi- 

bility of the burning of ingredients 

on the side of the vessel. The stirring 

gear itself should consist of a series 


with either lime or caustic soda in the presence of water 
is comparatively lengthy, even at high temperatures under 
atmospheric pressures, and in order to obtain anything like 
a 100% saponification in reasonable time, it is usually 
necessary to employ an excess of base. The use of an auto- 


of rotating blades of such design that 
thorough and homogeneous mixture 


of the contents can readily be ob- 
tained. 

The manufacturing kettles should 
also be designed on similar principle 
to those outlined above, with the ex- 
ception that being open to the atmo- 
sphere they can be made of lighter 
construction, but in particular it is 
most desirable that in all vessels of 
this nature the continuous scraping 
of the sides is most desirable, both 
from the point of view of obtaining 
good manufacturing results and also 
for economic heating and cooling. 
The outlet valves on all vessels of 
this nature should be made flush to 
the bottom of the kettles so as to 
avoid the presence of any pocket of 
hard grease which might otherwise 
appear in the final product. Since the 
primary function of the autoclave is 
to saponify the fatty ingredients of 
the grease, it is not necessary to make 
these units as large as the final manu- 
facturing kettles, owing to the fact 
that soap concentrates can be made 
and dilution carried out at a later 
stage, and therefore the autoclave can 
conveniently be made to operate with 
only half the volume of grease finally 
required. 

With such plant available as is 
broadly outlined above, a variety of 
processes can be utilized for manu- 
facturing purposes, since the plant 
can readily be operated with or with- 
out the autoclaves. 

In operating with the autoclave it 
is possible to saponify the fatty in- 
gredients in the presence of the whole 
of the mineral oil, or it is possible 
to saponify with only a part of the 
mineral oil, carrying out dilution to 



Crease Manufacturing Unit. 

Fig. 1. 


whatever degree is desired at a later 


stage, or the autoclave may be utilized for preparing the 
soap which may then be collected and ground if necessary 
for subsequent incorporation with mineral oil in the open 
pan. 

The open pans lend themselves very readily to what is 
known as the semi-cold process and also the more usual 
‘boiling’ process, either at high or low temperatures, but 
in general it is now considered preferable to use the auto- 
clave process wherever possible. It is a well-known fact 
that the reaction time for complete saponification of fat 


clave will obviate this necessity since saponification can be 
completely carried out under pressures of, say, 80 to 100 lb. 
per sq. in. when using almost exactly the theoretical 
amount of base required, the period of time being as short 
as an hour or an hour and a half, depending on the nature 
of the fats being treated. 

Apart from the economy in time, the obvious advantage 
of this method is the precision with which it can be applied 
and the certainty that when manufacture is completed, 
there will be no further slow reaction during storage which 
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may alter the consistency and possibly the characteristics 
of the final grease. Furthermore, the presence of any con- 
siderable excess of base almost invariably leads to insta- 
bility in the fiunished product, which results in the early 
separation of part of the mineral oil content, and avoidance 
of this condition is one of the marked advantages of the 
autoclave process. In order to obtain the best results. 



Fig. 2. 


however, it is necessary that the ingredient fats and bases 
which are to be used must be brought to rigid specifications, 
or, alternatively, the saponification value of the stock must 
be continuously checked, so that due allowance may be 
made for any variation in these values. 

Lime-base Greases. 

The greater part of activities in most grease factories is 
concerned with the manufacture of cup greases of one type 
or another, these usually being greases prepared by the 
conversion of suitable fats into lime soap and admixture 
with mineral oil and water as required to give the necessary 
characteristics with regard to stability, consistency, colour. 
Sec,; but under this heading may be classed a very large 
variety of products having widely different characteristics. 

Some greases of this type are prepared in a very fluid 
condition and could probably best described as soap- 
thickened oil, whilst others are so stiff as to require cutting 


into block form. Then, again, the characteristics vary very 
considerably according to the nature of the mineral oil used 
as a basis for the grease; thus it is possible by the use of an 
oil of low viscosity such as spindle oil to obtain a very short 
buttery consistency, whereas by the use of a more viscous 
mineral oil a much longer and sticky nature is imparted to 
the grease. The consistency or ‘feel’ may also be very 
largely modified by finishing off the grease either in an 
alkaline or acid condition; and furthermore the amount of 
water used in the preparation of the product also plays 
a very large part in affecting the above-mentioned character- 
istics, as well as the colour and appearance of the finished 
product. 

The consistency and degree of gloss may be very largely 
modified by suitable variation of the fats used in the soap 
basis; and the melting-point of the grease, which is usually 
in the neighbourhood of lOff" C., is also affected by many 
of the above-mentioned variables. 

It will be seen from the foregoing that a very great num- 
ber of variations of lime-base greases are available to those 
interesled in grease lubrication, but whilst this may be an 
advantage from the point of view of satisfying the require- 
ments of any particular machine, or part of a machine, the 
possibility of variations may be a serious inconvenience on 
the manufacturing side, and it is therefore most desirable 
to arrange all plant process and control with a view to 
obtaining constancy of results. The production of all these 
varieties of lime-base greases by the autoclave process will, 
however, follow approximately the same procedure which 
is broadly described below. 

The fats are weighed into and melted in one of the 
measuring tanks referred to above, and diluted to a certain 
extent with a portion of the mineral oil content, after which 
it is transferred to the autoclave through a filter, the lines 
being washed through with a small quantity of the mineral 
oil. This is followed by a mixture or ‘slurry’ of the lime 
(which should be a very high quality finely pulverized 
hydrated lime) with water and some mineral oil to give a 
thick cream, this being followed by yet another line washing 
with mineral oil, so that before heat is applied the autoclaves 
contain a mixture of the whole of the fat, the whole of the 
lime, and approximately half of the final content of mineral 
oil. The valves of the autoclaves are then closed, and heat 
applied until the pressure rises to 80 lb. per sq. in., this 
taking about 45 min., after which the heating is continued 
for another 15 min., or more according to circumstances. 

During this stage the fats are converted in the presence 
of lime and water into the lime soaps, and it would, of 
course, be possible to prepare such lime soaps without 
admixture with mineral oil, but this would be such a hard 
product that the soap would be difficult to incorporate 
homogeneously with the mineral oil in the subsequent 
stage. The oil which is used in the saponification stage, 
therefore, is used mainly as a diluent for the lime soap. 

Whilst the autoclave treatment is proceeding, one of the 
open kettles on the floor below will have been charged with 
the balance of the mineral oil to complete the formula, 
and this will have been raised to a temperature of approxi- 
mately 80° C. At the end of the saponification period the 
contents of the autoclave are blown down into the prepared 
open kettle by the developed internal pressure, and a great 
deal of steam admixed with glycerine fumes is then evolved 
owing to the high temperature. During the blowing-down 
period the contents of the open kettle are kept stirred very 
vigorously and after completion of discharge a homo- 
geneous mixture of lime soap and mineral oil is obtained 
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which is practically free from water at a temperature of 
about 115° C. 

During the blowing down of the lime soap a sample is 
withdrawn and taken to the laboratory in order to ascertain 
the degree of alkalinity or acidity. In the event of a test 
showing the presence of free lime, sufficient fatty acids are 
added to the contents of the kettle to bring the contents 
to the predetermined value which has been found by 
experience to provide the most satisfactory results; and a 
similar adjustment is made with lime should the soap be on 
the acid side. The use of the autoclave, however, precludes 
any wide variations in this direction, providing care has 
been taken in the weighing of ingredients. Lime-base 
greases when prepared by the autoclave process may very 
easily be prepared to almost perfect clarity with the mini- 
mum discoloration of the ingredients during the heating 
process, and it would appear that the fine state of division 
obtained in the autoclave, coupled with the dispersive 
action of steam during the blowing down of the contents, 
is largely responsible for these satisfactory properties. 

During the testing period the anhydrous grease is allowed 
to cool off, and when at a temperature of just over 100° C. 
the addition of water is commenced. The function of the 
water is to stabilize the mixture of lime soap and mineral 
oil, for without this water content such a mixture would 
separate into its constituents on cooling. The amount of 
water necessary may vary according to the formula used 
from between 0-4 to 2%. A considerable amount of judge- 
ment is necessary in adding the water, for it is necessary 
that sufficient is added to obtain the desired stability, and 
at the same time an excess must be avoided in order that 
the appearance of the grease may remain clear and trans- 
parent after cooling. 

During the period when water is added the grease is con- 
tinuously stirred, and it can be observed that the familiar 
greasy structure is developed by the continued small addi- 
tions. The operative during this process will at frequent 
intervals remove samples of the grease into a suitable con- 
tainer, and stir this down until comparatively cold, in order 
to ascertain that the structure is as desired. When satis- 
factory results have been obtained the necessary amount 
of dye is added, together with any stabilizers which may be 
necessary; and after the incorporation of these ingredients 
the stirring is stopped whilst a sample is taken to the 
laboratory in order that the consistency may be determined 
by a rapid test. If these particulars are satisfactory the 
grease is ready for filling off. 

It has been found advantageous in the case of certain 
ranges of greases, in which consistency is varied by altering 
the fat content, to prepare the stiffest of the range to begin 
with, and to draw requirements for this grade, subsequently 
thinning down with the prepared mineral oil, to the 
specifications for the thinner grades as required. This 
procedure not only increases the potential capacity of the 
kettle but also has the advantage that it is only necessary 
to standardize on one colour and appearance for each range 
of grease manufactured. 

The stiffer grades are filled into the required containers 
whilst stirring at a temperature of 90 to 95° C., and after 
cooling off overnight, the batch is finally tested in the 
laboratory in order to ascertain that it is fully up to 
specification in all respects. The softer grades may be 
pumped through a very fine rotating filter, thus ensuring 
the complete absence of any small particles of soap which 
may not have been thoroughly incorporated, or of any 
adventitious solid contamination. 


Other methods of manufacture of lime-base greases 
which may be used are the open-pan method and the semi- 
cold process. In the former the conversion of fat to lime 
soap is effected by dissolving the fats in either a part or the 
whole of the mineral oil, and adding a mixture of hydrated 
lime and water, the temperature of the kettle being raised 
to about 130° C. Heating is continued with frequent addi- 
tions of water until the reaction between fat and lime is 
reasonably complete, but the time necessary is much greater 
than when the autoclave process is used. In fact, in order 
to make the lime soap in reasonable time by the open-pan 
method, it is usually necessary to use an excess of lime over 
and above the theoretical amount, but the stability of the 
final product is impaired by the presence of uncombined 
lime, and this method of manufacture is therefore avoided 
as much as possible. Furthermore, it is not by any means 
easy to control the properties of greases made by this pro- 
cess, and in addition the prolonged period of heating often 
tends to darken the colour of the mineral oils and fats used. 

In the semi-cold process, greases of good appearance 
may be made by the judicious selection of fatty acids which 
may be mixed with mineral oil, after which the hydrated 
lime may be added in the form of a ‘slurry’ with a portion 
of the oil, the reaction being carried out at about 40° C. 
It is usual in this type of grease to have present a proportion 
of wool grease fatty acids, which appear to speed up the 
reaction. The final products are of pleasing appearance, 
although tending to be slightly granular, and also seem to 
be characterized by good stability, i.e. they do not readily 
separate oil on standing. One of the main disadvantages, 
however, is that reaction between the lime and fatty acids 
is by no means complete when the grease is filled into 
packages, and the grease may therefore become stiffer or 
alter in other properties after the material has been packed. 

Fats normally used in the manufacture of lime-base 
greases may be glycerides, such as tallow, marrowfat, &c., 
or most of the commercial stearines such as cotton stearine 
or other vegetable derivatives, or fatty acids of animal 
origin. In general, it will be found that the use of high 
molecular weight fats or fatty acids will result in somewhat 
higher melting-point greases than when those of a lower 
molecular weight are utilized, and it is also found that un- 
saturated fatty acids, such as the commercial oleines, will 
usually result in lower melting-points than when stearines 
are used. 

Other differences in properties are markedly noticeable 
by variation of the quality of fat such as higher gloss which 
can usually be obtained by the use of oleines, as compared 
with stearines, and the fact that in general a lower water 
content is required by the former for stabilization purposes. 
In the compilation of formulae for any particular purpose, 
a knowledge of the behaviour of the various ingredient fats 
is therefore essential. 

The mineral oils which are normally used may vary 
according to the nature of the product required from cer- 
tain types of spindle oil to the higher viscosity cylinder oils, 
but for normal production of good general purpose greases, 
an oil having a viscosity of Redwood 1 at 100° F. of 
approximately 100 sec. has been found to be generally 
desirable. The grease-making properties of mineral oils 
vary, however, not only with the viscosity, but also with 
the inherent properties of the oil, particularly as regards 
the solubility of the various lime soaps, and it is possible 
that these properties may ultimately be traced to differences 
in paraffinic or naphthenic content of the various mineral 
oils used. 
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It is usual for laboratory control of the works processes 
to be exercised in respect of the colour, consistency, n^elting- 
point, water content, free alkalinity or acidity, and the 
stability of the products; regarding the last of which it 
should be mentioned that the degree of stability of any 
particular formulae may be very definitely affected ad- 
versely by the presence of free alkali, or in certain cases 
may be affected favourably by the presence of small 
quantities of free fatty acid. The stability may also be 
affected by the presence of glycerine resulting from the 
saponification of neutral fats or may be controlled within 
limits by addition to the grease after manufacture, of 
stabilizing substances such as the higher molecular weight 
alcohols. 

Lime-base greases of suitable consistency may be satis- 
factorily used for water-pump greases, cup greases, pressure 
gun, and ball and roller-bearing greases, and also for less 
specialized uses such as for axles, &c.: and as lime soap 
is almost insoluble in water this type of grease can be used 
in most circumstances where water is present, with the 
exception of conditions where the temperature may be 
approximating to the melting-point of the grease. The 
choice of a suitable lime-base grease for the lubrication of 
any particular machine must, of course, depend on the type 
of lubricators available, the length of feed pipe to the parts 
to be lubricated, and other specialized characteristics of the 
machine; but it may be taken that these greases can be 
prepared to any degree of consistency desired and to a very 
high degree of stability; thus providing an extremely satis- 
factory range for general grease-lubrication purposes. This 
type of grease cannot, however, be used at temperatures 
approximating to or exceeding 100^ C., as the melting- 
points are usually in this neighbourhood, and for high- 
temperature conditions it is usual to apply one of the many 
types of soda soap greases which are available. 

Soda-base Greases. 

Certain types of soda-base grease are frequently referred 
to as sponge greases owing to their spongy structure, and 
arc prepared by utilizing, in place of lime, a solution of 
caustic soda for the neutralization or saponification of the 
fats or fatty acids. The outstanding difference between 
these and lime-base greases is the fact that no water is 
required in the former in order to produce a satisfactory 
grease, which is, therefore, in general, a mixture of sodium 
soaps of selected fats, together with mineral oil base brought 
to a homogeneous condition in which it is reasonably stable. 

These greases may be prepared by a long boiling of the 
fats and a portion of the mineral oil with the caustic soda, 
with frequent additions of water in order to assist the 
chemical reactions involved, and then a further addition of 
the balance of the oil, bringing the whole mass to a 
temperature of approximately 180'' C. in order to drive out 
the small quantities of water remaining. In the older types 
of plant this reaction is carried out in fire or gas-heated 
kettles, but the process is very much speeded up by the use 
of autoclaves in which saponification of the fats is carried 
out in approximately 1 J hr. at a pressure of 120 to 130 lb. 
per sq. in. This very short heating period makes it possible 
to prepare greases of exceptionally good colour, by avoid- 
ing an appreciable darkening of the mineral oil content. 
After saponification is complete, the contents of the auto- 
clave are blown down into the open kettle, which has 
already been heated to a temperature of 130 to 140'' C. by 
means of superheated steam, and during the course of the 
blowing-down operation, most of the water and glycerine 


resulting from the chemical reaction between the caustic 
soda and fats or fatty acids is lost by flash evaporation. 
The contents of the open kettle are then heated for some 
few hours in order to drive off the remainder of the water, 
and subsequently allowed to cool with the requisite amount 
of stirring in order to impart to the grease its desirable 
characteristics of texture and consistency. 

The appearance of most soda-base greases can be con- 
siderably modified by the degree of stirring to which they 
are subjected, and also by the amount of free alkali or acid 
which may be present; and good judgement is necessary, 
therefore, to ascertain at what period the stirring must be 
stopped. Normally such greases will present a very spongy 
appearance to the eye, and may be drawn out owing to their 
fibrous texture. If prepared with a comparatively thin basic 
oil the fibres tend to be rather weaker than if a more viscous 
oil is used, in which latter case it is possible to prepare 
greases having very tough and tenacious characteristics. 

The melting-points of most of these greases range from 
140 to 180" C., and they are therefore suitable for lubrica- 
tion under comparatively high temperature conditions; but 
as the sodium soaps are soluble in water, the greases, with 
the exception of special types, are unsuitable for use where 
water is present, as they are rapidly washed away in the 
form of an oily emulsion. They may, however, be used for 
the preparation of oil in water-lubricating creams, but for 
such a process special preparations arc usually necessary. 

Although the usual type of soda grease has a spongy 
appearance and fibrous texture, it is possible, either by 
milling or other treatment, or even by suitable selection 
of fats and adjustment of the ingredients, to prepare soda 
greases very similar to lime-base greases in appearance, and 
there is some evidence that modification to a salve-like 
appearance is accompanied by an improvement in the 
stability characteristics. On the other hand, there appear 
to be two schools of opinion with regard to the desirable 
characteristics of soda greases, one being that a certain 
amount of oil should be released from the sponge-like soap 
structure; the other being that the soap should be prepared 
as homogeneously as possible with mineral oil, and that 
the lubricating properties of the soap, if any, should be 
utilized in practice. 

Tendency for this type of grease to separate free mineral 
oil from the soap content is very markedly affected by the 
degree of dehydration to which the grease has been sub- 
jected during the course of manufacture, and in general, 
those greases which contain no water are most stable in this 
respect, even such small quantities as 01 or 0 2% of water, 
resulting in a definite tendency towards oil separation. 
Similarly, the presence of glycerine has an effect in this 
direction, although not so marked; but, on the other hand, 
some of the higher molecular weight alcohols appear to 
have a definite stabilizing effect which can also be obtained 
by the incorporation of certain high melting-point fatty 
acids. It is also to be noted that stabilization may be ob- 
tained in more or less degree by breaking down the soap 
fibres, either by stirring, or better still, by milling, the ten- 
dency being to produce a better degree of homogeneity. In 
general, there appears to be an increasing tendency towards 
the use of greases of more stable type having high melting- 
points, and there appears to be little doubt that these are 
more suitable for the lubrication of electrical machinery 
where long period runnings are involved. 

In some instances, whilst the grease is being prepared 
certain types of fibre, such as wool or asbestos fibre, 
may be incorporated, in order to provide suitable pads 
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from which the grease may be released to bearings at the 
approximately required rate; but such fibre sponge greases 
are not very extensively used. Sponge greases are very 
largely used for the lubrication of ball- and roller-bearings, 
particularly on electrical machinery, and also specially 
prepared t>T5Cs are useful for universal joints and other 
high-speed work where a high degree of stability is required 
in order to withstand the centrifugal action which tends to 
separate the mineral oil from the soap. 

Axle Greases. 

Under the description of axle greases it is usual to include 
some varieties which arc of essentially different types, such 
as railway-wagon grease and tub grease. The former is pre- 
pared to meet the Railway Clearing House specifications 
for this type of lubricant and consists essentially of emul- 
sions of sodium soap, free fat, and mineral oil with water, 
which may be present to an extent as high as 50%. The 
choice of fats to be used must be made very carefully in 
order that the products may have a suitably low melting- 
point and yet retain enough stiffness to prevent flowing 
during use. They are usually prepared by dissolving the 
appropriate amount of fat in the mineral oil and adding 
sufficient caustic soda solution during vigorous agitation, 
to convert a proportion of the fiit into soap, the reaction 
being carried out at comparatively low temperatures to 
ensure the production of a fine and stable emulsion. Such 
greases arc still used for the lubrication of a large amount 
of rolling stock, particularly on goods wagons, but, in 
general, grease is being superseded by oil for this purpose. 

Tub greases are products which are very largely used for 
the lubrication of colliery tubs and for general purposes 
where rough lubrication is required. They are usually pre- 
pared as an emulsion of lime-rosin soap with a heavy fuel- 
oil base and water, which may be present to the extent of 
35%. The manufacture is carried out at low temperatures 
by mixing fuel oil, lime, and water until a homogeneous but 
unstable emulsion is obtained, to which is added the rosin 
or rosin-oil dissolved in a small quantity of fuel oil. The 
amount of lime used is invariably very greatly in excess of 
the theoretical amount requisite to convert the rosin into 
soap, and the reaction is therefore fairly rapid and the 
grease tends to set off quickly. After thorough admixture 
has been ensured, the grease is therefore drawn off im- 
mediately into packages, where it is allowed to acquire its 
final ‘set’. The degree of stiffness is usually controlled by 
variation of the rosin or rosin-oil content, but the variation 
of the water content also has a marked effect on this 
property. 

lihis type of tub grease is now largely being replaced by 
a lubricant which is more in the nature of a soap-thickened 
high-viscosity oil, this type being more economical in use 
owing to its excellent lubricating properties, combined with 
the adhesiveness which prevents any flinging off during the 
running of the tubs. 

Cart Greases. 

Cart greases are prepared in a similar manner to tub 
greases, but, instead of using fuel oil, a lubricating-oil base 
is employed, and by the use of more rosin a much stiffer 
product is obtained, generally suitable for cart lubrication, 
&c. 

Tallow Greases. 

These are prepared as pure white products of varying 
degrees of stiffness, and are often favoured by engineers for 


heavy duty work where special conditions of lubrication 
are necessary. Most tallow greases contain very little or 
no mineral oil, but where any such oil is used it is necessary 
to employ a highly refined quality on account of colour 
requirements. The bulk of such greases is composed of 
high-quality tallow or other fat, part of which is converted 
to soap by saponification with caustic soda solution at com- 
paratively low temperatures; together with additional fats or 
fatty oils which impart to the grease certain plastic proper- 
ties, and increase the stability. The degree of stiffness may 
be controlled by varying the amount of soap in the grease, 
but variation of the water content also has a large effect on 
this property. The nature of the base used for saponifica- 
tion also plays an important part in determining the con- 
sistency, in that, for instance, the use of caustic potash will 
result in a softer and more plastic grease than when caustic 
soda is used. It is not unusual for this class of lubricant to 
oe scented with a suitable odorizer such as nitrobenzene in 
order to mask the strong odour of the ingredients, particu- 
larly when cheap tallow is used. 

Gear Greases. 

Greases for open gears must possess the property of 
adhesiveness in order that the grease may follow the gears; 
and they must also be sufficiently fluid to ensure freedom 
of flow under the required operating conditions. In addi- 
tion they must be free from any tendency towards instability. 
For most open gears the above-named conditions can be 
met by a graded series of bituminous compounds ranging 
from almost fluid products to comparatively hard sub- 
stances. It is usual to employ, for such a range, a high- 
grade unblown bitumen together with a high viscosity 
mineral oil, varying the percentage composition to meet 
the requirements of viscosity, which is the control property 
during manufacture. As the bitumen is completely dis- 
solved in the oil there is no danger of subsequent separation 
either in storage or in use. Apart from use of gear grease, 
some of these products find extensive use as wire-rope 
dressing compounds, in which capacity they serve as a 
lubricant as well as a protective dressing. Another type of 
gear grease which is available for more specialized condi- 
tions of lubrication is obtained by incorporating bitumen 
with sodium soap and mineral oil, the resulting products 
having tough and tenacious characteristics and also posses- 
sing higher melting-points than the simple type of gear 
grease to which reference has been made above. 

Grease Blocks. 

It is often necessary for greases to be supplied in definite 
sizes or shapes to fit into certain types of bearings, and such 
greases must of necessity be of a hard and solid nature. 
Such conditions are common in steel-rolling mills and 
paper mills, and it is invariably necessary that the grease in 
use should slowly yield a satisfactory lubricating film under 
the particular temperature conditions obtaining, and at the 
same time retain its rigidity so that the consumption may 
be reasonably low. It will be realized that with such a com- 
paratively crude system of lubrication there is likely to be 
considerable variation of conditions between various mills, 
and the development of suitable greases has been corre- 
spondingly difficult. For paper-mill lubrication, a grease of 
very high melting-point has been developed using high- 
grade cylinder oil as a base, with which is incorporated the 
sodium soaps of rosin and wool grease. The process of 
manufacture must be carried out in open kettles in order 
to drive off all water, for which purpose the temperature 
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is raised to 240-50° C. At this stage the grease is very fluid, 
and is run into metal trays in which it is allowed to cool to 
a solid cake of predetermined thickness. The cake is then 
cut up into the required sizes, wrapped, and packed in 
cases. 

In the case of roll neck grease, it is usual to incorporate 
a proportion of bitumen in the composition, and wool- 
pitch or wool-grease soaps have also been found to be 
desirable constituents. Owing to the fact that water is 
usually being continuously poured over the roll necks 
when the mills are in action, it is necessary that the grease 
shall not be too easily soluble, and therefore it is desirable 
to use lime in the manufacture of the soap; but, as it is also 
necessary to obtain a rather higher melting-point than is 
attainable with lime soap, a proportion of caustic soda is 
also used, this proportion of soda soap also assisting in 
providing a thin lubricating film. This grease therefore is 
a typical case in which the outstanding properties of both 
soda and lime soaps are combined in one product to give 
certain desirable characteristics, and there are many other 
instances wherein mixed base greases are of particular 
value. 

The method of manufacture is similar to that employed 
for paper-mill grease, although the temperatures employed 
are considerably lower, and the grease is therefore not 
dehydrated so completely before casting into trays. 

Yet another type of grease block is tunnel grease, which 
is capable of giving a good lubricating film in the presence 
of sea-water and is used for the lubrication of tunnel shaft 
bearings of ships. This grease is manufactured in open 
kettles at a temperature of 120-30° C., using a low- viscosity 
mineral oil and the soda soaps of rosin and wool grease, 
the product containing a small percentage of water. The 
grease is quite solid when cold, but can easily be rubbed 
into a lubricating film by means of the finger. When cut 
into thin slices, it is quite clear, transparent, and perfectly 
flexible. 

In addition to the foregoing types, it is not unusual to 
supply cup grease of stiff consistency in block form, the 
preparation of which follows the usual procedure for cup 
greases. It is necessary, however, to modify the formulae 
used so that an unctuous block is produced, and for this 
purpose such neutral fats as marrowfat may be utilized. 

Aluminiuni-base Greases. 

The greases under this class have found special application 
as lubricants for rocker-arms of aero engines, and also as 
wire-rope dressing compounds. They are prepared by 
incorporating a suitable percentage of aluminium stearate 
in a heavy mineral oil by solution at a temperature of 
150° C., and then allowing to cool under special conditions. 
During the cooling operation the grease is a fluid possessing 
extraordinary tenacity and rubbery characteristics. How- 
ever, after cooling and standing for some time, the rubbery 
property is lost and the grease sets to a transparent 
unctuous mass, which on reheating reverts to the rubbery 
condition. Owing to their remarkable tenacity these greases 
are finding an increasing use for gear lubrication, and there 
is no doubt that the special properties exhibited, together 
with remarkable stability, make them eminently suitable 
for such duty. 

Lead-base Greases. 

The use of lead soaps in conjunction with mineral oils 
has developed to a certain extent in order to meet the 
conditions of extreme pressure lubrication required in 


certain modern types of gears as used on automobiles, and 
it is claimed that such greases are capable of withstanding 
very high loads and speeds. The lead soaps may be pre- 
pared by precipitation methods, usually from lead acetate 
solution and sodium soaps of the appropriate fatty acids, 
followed by water washing or by direct saponification of 
fats. These soaps may then be incorporated with free fat 
and mineral oil to give the desired consistency, but in 
general, it has been found that this type of grease shows a 
marked tendency towards the separation of the soap. 

In addition to the types of grease already described, there 
are numerous other products for which special claims are 
made but which normally are only treated by the grease 
manufacturer as specialities; such are the various greases 
of mixed bases in which various proportions of lime and 
soda are incorporated to modify either the water solubility 
or the melting-point of any particular type; or greases pre- 
pared by utilizing zinc oxide, magnesia, or barium hydroxide 
as bases. In general, however, the demand for such com- 
pounds is relatively small, and the production can usually 
be easily handled in the small experimental equipment 
which should be available in any modern grease factory. 

Reference has been made above to the various tests which 
serve for controlling the manufacture and quality of the 
final products, and it is usually on these tests that specifica- 
tions are broadly based. The colour and appearance are 
usually controlled by comparison with standard samples, 
the former directly by the use of a comparative colorimeter 
of suitable design, and the latter by comparing the gloss 
and by a general examination for freedom from contaminat- 
ing particles of dirt, <fec. 

The consistency of most is widely determined by the use 
of the A.S.T.M. penetrometer, which consists essentially of 
an inverted metal cone of definite weight, the point of 
which is first adjusted to rest on the surface of the grease, 
and which is then allowed to drop into the mass over a 
definite period of time. The length of travel is accurately 
measured and is used as a measure of consistency. 

Other methods include the substitution of a falling rod 
and the pumping of the grease through calibrated orifices 
under pressure. It is also usual in determining the con- 
sistency to specify whether the test has been carried out on 
the grease in its natural or ‘un worked’ condition, or 
whether the grease has been ‘worked’, in which latter case 
it is subjected to a pumping action through a perforated 
plate under specified conditions before the test is carried 
out. In a well-prepared grease the worked and unworked 
consistencies will approximate to the same value. The 
value of consistency tests is, however, essentially of an 
arbitrary nature, and their use can only give an approxima- 
tion to those properties of plasticity, cohesion, and 
adhesiveness which such tests are intended to measure. It 
would certainly appear that consistency as determined by 
any of the approved methods gives only the broadest 
indication of performance in actual use, and its chief virtue 
is that it provides the manufacturer with ready means of 
maintaining reasonable constancy in his products. 

The melting-point is usually determined by the Ubbelohde 
method, in which a quantity of grease is placed in a small 
cup, fitted to surround the bulb of a suitable thermometer, 
which is then inserted in a bath of liquid, the temperature 
of which is raised at a specified rate, the melting-point 
being taken as the temperature at which the grease begins 
to flow from the cup. Lime-base greases usually melt in 
the neighbourhood of 100° C., whereas soda-base greases 
of good type have their melting-points round about 150 or 
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160® C. The characteristics of the melting-point determined 
may be used in a measure as an indication of the stability 
of the grease under examination, since it has been usually 
found that greases which melt over a wide range of tempera- 
ture are of a somewhat unstable character. 

The water content of a grease may very easily be deter- 
mined by admixture with a solvent of suitable boiling 
range, such as benzene, and subsequent distillation of the 
water content into an accurate measuring device. 

The term ‘stability’ in reference to greases is largely 
comparative, in that most greases show some tendency to 
separate mineral oil on storage, and various tests have been 
devised in an attempt to measure this tendency. Such tests 
frequently involve the heating of samples to various 
temperatures over periods of time with subsequent standing, 
followed by an observation or measurement of the amount 
of oil separated. Other tests include subjecting the grease 
under test to pressure, which results in part of the mineral 
oil content being squeezed out in such a manner as to be 
capable of measurement for operative purposes, but tests 
of this description can only serve in a most general way 
towards maintaining a certain degree of stability in any 
particular class of product, and do not, in general, give 
any indication as to the behaviour of a grease in actual 
practice. 

The tendency is, therefore, nowadays to design testing 
machines which will definitely give some idea of perform- 
ance, and in this class of test may be placed centrifuge 
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tests, which are used to determine the tendency to separate 
oil shown by greases intended for use in universal joints, 
&c., where high speeds are the rule; and also these tests 
which have been developed on definite scientific lines in 
order to determine the pressures to which greases may be 
subjected before lubrication failure sets in. 

Other practical tests are carried out in spring shackles, 
in which the movement is controlled, and ball and roller- 
bearings run under definite conditions of speed, load, and 
temperature; the results which are obtained from such 
practical tests as the above provide the manufacturer with 
very valuable information which can be utilized in the 
modification cither of his formulae or his methods of 
manufacture; and the general effect is therefore a con- 
tinuous and more intensive improvement of the quality of 
various greases being manufactured. There still remains, 
however, an enormous amount of research work to be 
carried out on fundamental characteristics of grease, and 
this will undoubtedly follow the lines of a more intensive 
study of the internal structure of the various types, with 
particular reference to the spatial relationship of the mole- 
cules, whereby the micellae and soap fibres are built up. 
This field of investigation is a very wide one, in which little 
work has so far been carried out, but undoubtedly the 
results of such investigations would prove invaluable to the 
progressive grease manufacturer, who, even at the present 
day, is working in comparative ignorance of the true nature 
of his products. 



APIEZON OILS 
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This name, derived from a-privative and me^ov (pressure), 
was given by the Metropolitan Vickers Company to oils 
of very low vapour pressure produced in their laboratories 
by the fractional distillation of lubricating oil in a ‘mole- 
cular’ still. The process of molecular distillation, which 
was first applied to petroleum derivatives by Burch [1] 
in 1930, consists in heating a shallow pool or thin film of 
liquid, in close proximity to which is placed a cooled 
condensing surface. The still is exhausted to a pressure 
so low that the molecules of oil vapour leaving the surface 
of the liquid pass directly to the condensing surface 
without, in general, colliding with molecules of residual 
gas in their passage. This implies, if the distance between 
evaporating and condensing surfaces be 1-2 cm., that the 
residual gas pressure should be 0 001 mm. or less. Col- 
lisions between molecules of oil vapour and residual gas 
thus being of negligible number, distillation proceeds sub- 
stantially as it would were the still perfectly evacuated, 
even although the vapour pressure of the oil at the dis- 
tilling temperature may be less than the pressure of the 
residual gas. The distilling speed, for a pure substance, is 
given by ipc g. cm."* sec."*, where p is the density of satur- 
ated vapour at the distilling temperature and c the mean 
molecular velocity. In round figures, for a medium mole- 
cular weight, this becomes ^ tons per sq. yard per day 
for each 0 001 mm. of vapour pressure. Conversely, we 
can deduce the vapour pressure from the observed dis- 
tilling speed, and the estimated molecular weight. 

It was found possible to produce fractions from lubri- 
cating oil having vapour pressures of 0 001 mm. at 100, 
200, and even 350° C. These oils made possible an 
advance in vacuum technique of great technical importance, 
for they enable us to produce a high vacuum without the 
aid of liquid air. The normal method of making a high 
vacuum had been the mercury condensation pump — a 


device in which a blast of mercury vapour removes the 
residual gas, and condensation removes the mercury 
vapour. Condensation on water-cooled surfaces leaves 
0 001 mm. of mercury vapour uncondensed. For many 
purposes —e.g. thermionic valves— the pressure must not 
exceed 0 000001 mm., and it is therefore necessary to 
supplement the water-cooling by a ‘trap’ for mercury 
vapour, cooled by liquid air. It was found that suitable 
molecular-still fractions from lubricating oil, 1,000-10,000 
times less volatile than mercury, could be boiled without 
decomposition at the low pressures (0 01-01 mm.) neces- 
sary for the vapour-blast of a condensation pump, so that 
by running the pump on such an oil, in place of mercury, 
pressures of 10"*-10"’ mm. can be attained with water- 
cooling only, and liquid air is unnecessary. It then becomes 
practicable to exhaust vacuum devices, such as thermionic 
valves, continuously: the drastic heat treatment normally 
given to remove all adsorbed gas before sealing off from 
the pump is then unnecessary, and the use of ground 
joints (which cannot be heat treated) becomes permissible. 
Residues from the molecular-distillation of petroleum pro- 
vide greases of extremely low vapour pressure— the 
Apiezon greases— with which the ground joints can be 
sealed. 

So a new vacuum technique has arisen, in which systems 
demanding the highest vacua — thermionic valves and X-ray 
tubes — can be made easily accessible for repair or fila- 
ment replacement, and can be pumped continuously while 
in service. Demountable valves of this type are in opera- 
tion on one of the transatlantic telephone channels, and 
demountable high-voltage X-ray tubes are in regular use 
for the treatment of cancer, 
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Introduction 

Anti-oxidants are added to lubricating oils to suppress 
undesirable oxidation reactions, as in the case of similar 
additions to motor fuels, but there are marked differences in 
behaviour. In the case of motor fuels the anti-oxidants are 
used to prevent undesirable deterioration in storage, and 
these have no effect upon engine behaviour, whereas, in 
the case of lubricating oils, oxidation reactions proceed at 
a negligible rate under normal storage conditions, and the 
addition of anti-oxidant is not required to improve storage 
properties. Anti-oxidants are, however, finding rapidly 
increasing use in the prevention of lubricating oil deteriora- 
tion under actual service conditions in the engine, where 
the action of oxidizing influences is unusually severe. 

The changes undergone by a lubricating oil during use in 
an internal-combustion engine are far reaching and very 
complex, and the fundamental chemistry of such changes is 
imperfectly understood. It is true to say, however, that 
deterioration is brought about by the combined effects of 
prolonged thermal treatment and exposure to oxidizing 
conditions. Thermal treatment, due to contact of the 
lubricating oil with hot cylinder walls and pistons, results 
in cracking, i.e. decrease in molecular weight, and is often 
accompanied by the formation of carbon and certain 
amounts of asphaltic matter. Intensive oxidation brings 
about the formation of oxygenated compounds such as 
organic acids, asphalts, and resin and sludges. It is thus 
evident that after prolonged use lubricating oils become 
very undesirable mixtures liable to lead to serious mechani- 
cal failure. To prevent or minimize such deterioration the 
use of anti-oxidants has proved very efficacious. A further 
use of dopes in lubricating oils is the lowering of coefficients 
of friction and the improvement of oilincss properties. This 
article is limited to a consideration of anti-oxidant additions . 

The Use of Anti-oxidants in Lubricating Oils 

As already mentioned, lubricants usually operate under 
conditions favouring oxidation. Moreover, lubricating 
power seems to be connected in some measure with un- 
saturation. Further, while the presence of traces of acid 
may not be deleterious and, indeed, may confer that elusive 
property ‘oiliness’, the development of more acid may 
impart corrosiveness and all that it implies. It is evident, 
therefore, that lubrication provides a fertile field for the 
application of agents with anti-oxidant or stabilizing 
properties. The following discussion applies particularly 
to the lubricants employed in the cylinders and crankcases 
of internal-combustion engines where both the tendency to 
oxidation and the deleterious effects of oxidation are much 
more severe. Oil used for the big ends and main bearings 
of such engines is not, however, exposed to conditions lead- 
ing to the formation of the hard, carbonaceous products 
associated with the later stages of oxidation, and in these 
circumstances the lubricating value of the oil may improve 
in use. Thus it has been found by King [8, 1933] that so 
long as oxidation activity is maintained, mineral lubricants 
of particular oxidation characteristics become possessed of 
the property of ‘oiliness’, which is considered generally to 
IV 


be a special attribute of the ‘fixed’ or fatty oils. The 
increase of oiliness, or lubricating value, being brought 
about by oxidation activity is accompanied by an accumula- 
tion of what may be described as low-temperature oxidation 
products. These do not diminish lubricating value, or if 
they do, the effect is masked by the beneficial action of the 
oxidation activity producing them. 

The temperature of piston lubrication, on the other hand, 
especially in air-cooled engines, carries oxidation and/or 
decomposition to a much later stage, in which hard carbo- 
naceous products are formed, and piston friction, absorbing 
normally about 7% of engine power, may increase to 
become 100% of the power developed, seizure then taking 
place. Lubrication seizures are familiar occurrences with 
small single-cylinder, two-stroke motor-cycle engines and 
do no damage. Great damage, however, is done when a 
lubrication seizure occurs in a cylinder of a multi-cylinder 
engine, because the free pistons are able to continue driving 
the engine until mechanical seizure supervenes. 

The anti-oxidants developed for use in motor oils may be 
divided into two main classes : 

1 . Organo-mctallic dopes. 

2. Organic compounds. 

1. Organo-metallic Dopes. 

The best known organo-metallic compound possessing 
anti-oxidant properties is tetra-ethyl lead, which is used to 
an enormous extent as an anti-knock agent in motor fuels. 
This compound has also found important use in the sup- 
pression of carbonaceous deposits in lubricating oils used 
in engine cylinders [1, 1933]. It might be expected that such 
a compound would have transient action only, but experi- 
ments have shown that the effect persists for the normal 
life of the oil. It is very probable that the effect of lead 
tetra-ethyl is twofold. Its anti-oxidant effect is well known, 
but it may also be efficacious in virtue of its effect in raising 
the spontaneous ignition temperature of the oil and 
diminishing the tendency of the oil to crack — i.e. undergo 
thermal decomposition. 

In tests made by King [I, 1933] the tetra-ethyl lead was 
added to a proprietary mineral lubricant in the form of 
ethyl fluid, containing lead tetra-ethyl and ethylene 
dibromide in the volume proportions of 60/40. The 
properties of the lubricant were as follows: 


Sp. gr. 60° F 0-905 

Closed flash-point 430° F. 

Viscosity, Redwood secs : 

at 70°F 2,164 

„140°F 216 

200° F 72 


The following conclusions were arrived at: 

{a) Under various conditions of treatment, such as 
aeration at temperatures up to 1 50° C. over varying periods 
of time, an appreciable proportion of the 1 % of the added 
ethyl fluid remained in the oil. A new X-ray method of 
obtaining shadowgraphs of oil samples was employed to 
follow the variation of lead content. 

(6) Journal-bearing lubrication tests performed in oxida- 


p 
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tion conditions somewhat more severe than thOsSe prevailing 
in an engine crankcase and in which lubricant was con- 
tinuously circulated to the bearing while blown with air 
heated to 1 SO"" C. [9], demonstrated that the lubricant con- 
taining no lead addition became heavily impregnated with 
oxidation products as the trial proceeded and the viscosity 
increased. At the relatively low temperature of 40"’C., 
when fluid lubrication is most probable, due to the corre- 
sponding thickness of the oil film, friction increases with 
time of use and increase of viscosity. The friction taken at 
150° C., however, decreases by more than 50% during the 
time of the trial in spite of the increase of viscosity, showing 
the beneficial effect of oxidation activity. The two effects 
nearly balance at lOO"" C. Thus, a trial conducted in oxidiz- 
ing conditions shows that at 40° C. the oil diminishes in 
lubricating value in use; at 100° C. the lubricating value 
remains nearly unchanged, while at 150° C. a remarkable 
improvement is exhibited. After the addition of 12 c.c. of 
ethyl fluid per gal. the friction at 40° C. remained constant 
over a 70-hr. period whereas in the absence of lead the 
friction increased by 25%. Whatever happens to the lead 
while the oil is in use, it is clear that its effect to prevent 
the accumulation of sludge and carbonaceous products 
remains. 

(c) Oxidation experiments were carried out in glass tubes 
up to much higher temperatures (440° C.) in which air was 
drawn past asbestos soaked in oil containing various 
amounts of ethyl fluid. It was observed that oxidation, as 
indicated by the formation of steam and aldehydes, began 
in the case of undoped oil at 320° C., but no such indication 
of oxidation was observed in the presence of ethyl fluid until 
the temperature reached 400° C. The highest temperature 
reached (440° C.) did not suffice to start the flame required 
for complete oxidation, but the experiments with undoped 
oil at this temperature gave hard, carbonaceous deposits in 
the reaction tube, whereas oil containing 1 or 2% ethyl 
fluid gave no such deposits and the reaction tubes remained 
perfectly clear. 

(d) Several road trials on two-stroke motor-cycle engines 
showed that the accumulation of carbon on the underside 
of the piston was much reduced using lubricating oil con- 
taining tetra-ethyl lead. At the same time trouble due to 
sticking of piston-rings was eliminated to a considerable 
extent, and the amount of carbonaceous deposits in the 
combustion space was much reduced. The oil remaining 
in the crankcase was free from sludge and deposits and had 
retained its original greenish sheen. There was no trace 
of lead deposits. 

(e) Bench tests were also carried out on a flat twin-cylinder 
500 c.c. four-stroke air-cooled A.B.C. engine, and these 
confirmed the results of the road tests. 

Other organo-metallic substances have also been pro- 
posed and used as anti-oxidants in lubricating oils. 
Mardles [10] has recently published the results of extensive 
work on this subject, and has shown that tin compounds are 
particularly effective in this respect. Mardles employed a 
glass-bulb oxidation method and found that pronounced 
anti-oxidant properties were associated with many tin 
compounds — such as tin dioxide, tin tetraphenyl, tin 
ricinoleate, and tin olcate. Gold, mercury, chromium, 
cerium, bismuth, antimony, and many of their compounds 
seemed to exert little effect on the oxidation rate, although 
they influenced the manner of oxidation. Copper, iron, 
silver, vanadium, and manganese had a strong accelerating 
action on the rate of deterioration of all the oils examined. 
The effect of tin varied considerably according to the com- 


pound chosen, class of oil, conditions of experiment and 
concentration, but usually some beneficial action could 
be traced especially at temperatures below 250° C. The 
decreased oxidation rate was usually accompanied by 
less sludging, lower viscosity increase, less deposition 
of gum on the walls, and in general the life of the oil was 
prolonged. 

Among the tin compounds suitable for incorporation in 
lubricating oils are the soluble tin fatty-acids, naphthenates, 
enolates, &c., also the organo-metallic derivatives such as 
tin-tetraphenyl, tin naphthyl, &c. Fine suspensions or 
colloidal dispersions of tin dust, tin dioxide, &c., may be 
serviceable in some circumstances, e.g. journal bearings. 

The mechanism of the inhibitory action of tin compounds 
is not clear, but in general it would appear that these sub- 
stances are capable of reacting with and destroying or 
reducing an active catalyst produced by the oxidation of 
the oil itself. This view is supported by the reduced acid 
values when tin compounds are present. 

The use of tin compounds as anti-oxidants in lubricating 
oils is the subject of an English patent granted to Helmore 
and Mardles [6], Up to about 1 % of tin compound may 
be used in lubricating oil without affecting the viscosity. 
Possibly, as with ‘leaded’ oils, there may be decomposition 
by the action of heat to form finely divided metal, but this 
is said not to be injurious. As an example of the improved 
resistance to oxidation obtained by the addition of tin, the 
results of a test in which the addition of tin resulted in 40% 
less oxidation when a sample of lubricating oil was heated 
in a sealed bulb with air for 40 days are worthy of note. 

The treatment has been successfully applied to castor and 
olive oils, oleic acid, high molecular weight hydrocarbons 
and mineral oils of asphalt, naphthene, and paraffin base. 

Chromium compounds have also been proposed as 
lubricating oil anti-oxidants [5]. These, used to the extent 
of 0’3 to 1 0% by weight, are claimed to not only minimize 
the formation of deposits over the range of temperatures 
normally met with in internal combustion engines, but also 
such deposits as are formed have a soft and non-adherent 
character as distinct from the hard varnish-like deposits 
normally produced. It has also been observed, when using 
an oil containing small amounts of chromium oleate, that 
corrosion of iron and steel surfaces is less than when an un- 
treated oil is used. Chromium compounds are effective with 
vegetable and blended oils in addition to oils of mineral 
origin. 

The following metallic compounds have also been 
claimed to possess valuable anti-oxidant properties in 
lubricating oil mixtures [2] — ditolyl mercury, triphenyl 
bismuthine, trinaphthyl a-propyl bismuthine, dicresyl cad- 
mium, cresyl phenyl zinc, naphthyl mercuroiodide and 
triphenyl stibine. 

2. Organic Compounds as Lubricating Oil Anti- 
oxidants. 

A very large number of organic compounds, particularly 
the hydroxy compounds and amines, have been examined 
for anti-oxidant effect in lubricating oils. Thus Mflller [12, 
1934] found that oil deterioration was delayed by the addi- 
tion of 0-1 % of the following compounds: nitro aniline, p- 
and m-phenyline diamine, urea, semi-carbazide, guanidine, 
and oe- and j9-naphthylamine. A very pronounced anti- 
oxidant effect was observed in the case of resorcinol, pyro- 
gallol, phloroglucinol, a- and j3-naphthol, p-nitro -phenol, 
bomeol, and Japanese camphor. MUller states that oxidation 
of lubricating oils causes the intermediate formation of per- 
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oxides and ozonides which break down to give aldehydes, 
acids, and lactones. 

In a recent patent [3] issued to the Standard Oil Develop- 
ment Company claims are made for lubricants suitable for 
use at high temperatures (150-200^" C. or even higher) 
incorporating 01% of oil-soluble inhibitors. These 
inhibitors consist of polycyclic aryl compounds containing 
an inhibitor group (NHj or OH) and a stabilizer group (O 
or S atom) attached to the same ring, e.g. 1 -methyl 
3-hydroxyl 4-ethyl thio benzene, 2-hydroxy 4-propyl thio 
naphthalene, &c. 

With regard to cylinder oils and greases, the addition of 
less than 0-5% of a hydroxyl diphenyl compound is said to 
suffice to give satisfactory stability during use. The addition 
of 0*2-0-5% of either 2-hydroxy diphenyl or 4-hydroxy 
diphenyl has been specified [14]. 

In the case of rapeseed oil, experiments have been de- 
scribed [7, 1933] in which this substance was blown with air 
at 160° C. in the presence of various substances. Hydro- 
quinone was effective in reducing the viscosity increase to 
some extent, but both anthranilic acid and phenylhydrazine 
were superior in this respect. Neither of these compounds 
prevented the development of rancidity. 

Diamines such as ethylene diamine are stated to be 
suitable for use with oils which have to function at high 
temperatures, including engine oils and transformer 
oils [15]. 

More recently the proposal has been made by Mardles and 
Helmore to stabilize mineral and vegetable lubricants with 
the more weakly basic compounds normally employed as 
gum inhibitors in motor fuels [11]. The addition of aromatic 
amines and hydrazines to lubricants is not always of benefit. 


presumably because of their antioxidation to tar-like sub- 
stances or their condensation with hydrocarbon oxidation 
products. However, if the basic nature of the compounds of 
the general formulae RNH — NH 2 and RNH is reduced, the 
results are good, if not better. For lubricants the addition 
of 0*25% of such compounds is usually effective, although 
laboratory tests should be carried out to determine the 
optimum concentration. In making the test, 2-5 g. of the 
oil are heated isothermally on the walls of a rotating 
cylindrical glass bulb at 225° C. for four hours and the 
viscosity rise (per cent.), oxygen absorption, acidity, sludge, 
and carbon deposition ascertained. 

The following figures illustrate the results obtained with 
a proprietary mineral oil containing one part in 500 of 
different inhibitors: 



Viscosity 

increase 

/n 

' Acidity 

1 mg. KOH 
per g. 

1 Carbon 
deposition, 

1 mg. per g. 

No inhibitor 

45 

24 

25 

Acetyl diphcnylamine . 

26 

6 

18 

Salicylamidc 

i 

17 

14 

Phthalimidc 

22 


25 

Acetyl phenylhydrazine 

22 

8 

16 


The Standard Oil Development Company has recently 
patented lubricants containing organo-metallic compounds 
of the type containing two metal atoms in the molecule, 
e.g. Mca-Sn-Sn-Pha and similar compounds of lead, bis- 
muth, mercury, and arsenic [4, 1933]. 

Sulphur compounds, such as mercaptans and disul- 
phides, have been proposed as anti-oxidants as well as the 
corresponding selenium and tellurium compounds [13]. 
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EXTREME PRESSURE LUBRICANTS 

By H. C. MOUGEY, B.Sc. 

Assistant Technical Director and Chief Chemist, General Motors Corporation, Research Division, Detroit, Michigan 


The subjects of friction and of lubricants have always been 
complicated by the fact that different results may be 
obtained under different conditions, and therefore a 
discussion of the laws of friction or lubrication requires 
a statement of the conditions under which these laws are 
applicable. The term ‘friction’ is frequently used very 
loosely, and additional confusion may result from this fact. 

Friction between surfaces is usually expressed in terms 

^ , . resistance to tangential motion 

of the ratio .i: r • 

pressure normal to the surfaces 

This ratio is known as the coefficient of friction, or 


/- F/L. (1) 

From this it follows that 

The force of friction F = fxLi (2) 

The work of friction = fx Lx s. (3) 

The power of friction — fxLx sit, (4) 


where / = coefficient of friction, F resistance to tan- 
gential motion, L ~ pressure normal to the surfaces, 
s = distance or space, and t = time. 

The subject of friction is frequently divided into two 
divisions: 

(a) Friction of dry surfaces. 

(A) Friction of lubricated surfaces. 

It should be noted that ‘dry surfaces* are usually con- 
sidered as those on which lubricants are not apparent by 
casual observation, or those which have been cleaned by 
more or less ordinary methods, and that ‘dry surfaces’ 
actually are coated with films of various kinds due to con- 
densation from the atmosphere, &c. 

When tests are made to determine the friction of these 
different surfaces under different conditions, the following 
general observations may be made: 

Friction of dry surfaces. The force of friction 

(1) increases with increase of load normal to the surfaces 
in contact, 

(2) is almost independent of the area of the surfaces in 
contact, 

(3) decreases somewhat with increase of rubbing speed. 

Friction of lubricated surfaces. The force of friction 

(1) is independent of the load normal to the surfaces in 
contact, 

(2) increases with increase of the area of the surfaces in 
contact, 

(3) increases with increase in rubbing speed. 

Since the ‘laws of friction’ under these two sets of condi- 
tions are so different, it is apparent that there must be a 
third set of conditions where the laws that apply under the 
conditions of ‘dry surfaces’ change to the laws that apply 
under the conditions of ‘lubricated surfaces’, and that the 
laws that apply in this boundary region or ‘no man’s land’ 
will probably depend upon whether the conditions more 
nearly approach those of ‘dry surfaces’ or ‘lubricated 
surfaces The subject of extreme pressure lubricants covers 
the lubrication of surfaces when the conations are in this 


boundary region, somewhere between those of ‘dry sur- 
faces’ and those of ‘lubricated surfaces’. 

Until about 1880 the problem of lubrication, as we 
understand the problem to-day, did not seem to have 
attracted much attention. About this time Beauchamp 
Tower conducted his classical investigation on friction and 
lubrication, and discovered that considerable oil-film 
pressures were built up between the rubbing surfaces. 
A number of investigators built friction-testing machines 
and gave papers on testing lubricants on these machines. 
They pointed out the effects of viscosity, ‘oiliness’, design 
of the bearings, speed, load, &c., but at first they did not 
show the relation between these various factors. In 1886 
Professor Osbourne Reynolds [10, 1886] presented before 
the Royal Society of London a mathematical theory of 
fluid film lubrication. Hersey [3, 1932] in 1915 showed that 
the coefficient of friction of a journal bearing is propor- 
tional to Zn/P (above a certain minimum value of ZnjP) in 
geometrically similar bearings having LjD and CjD ratios 
constant. Where Z is viscosity, n is the speed in R.P.M., 
P is the load in lb. per sq. in., L is the length of the bear- 
ing, D is the diameter of the journal, and C is the clearance 
between the journal and the bearing. 

Other observers have shown that the minimum numerical 
value of ZnjP below which the relationship expressed by 
Hersey is no longer true, depends upon the composition 
of the bearing and upon the ‘oiliness’ of the lubricant. 
‘Oiliness’ has been defined by Wilson and Barnard [12, 
1922] as the property of lubricants by virtue of which one 
fluid gives a lower coefficient of friction than another fluid 
of the same viscosity, generally at low speeds or high loads. 

It is apparent from formulae (2) and (3) that in 
the case of true rolling motion between two surfaces 
with no sliding motion whatever, the factor ‘ 5 ’ becomes 
zero and that there will be no work of friction, and no 
resulting increase in temperature, regardless of the cb- 
cfficient of friction or the amount of pressure between the 
surfaces, or the speed at which the rolling motion takes 
place. Of course, these ideal conditions are never ex- 
perienced in actual service, but in the case of ordinary spiral 
bevel gears in rear axles of automobiles, maximum pres- 
sures and maximum sliding motion do not occur at the same 
time, that is, the amount of sliding motion between the 
surfaces of the gear teeth is small when the load is high, 
and as a result the requirements for a lubricant for the 
surfaces of the gear teeth are usually not very severe. 
However, if the amount of sliding motion should be 
sufficiently high, due to high speed or to a design which 
permits more sliding motion, or if the loads on the gear 
teeth should become sufficiently high, then the problem of 
lubricating the gear teeth would become more complicated, 
and more would be required of the lubricant. It was due 
to these different conditions of service that the Lubricants 
Committee of the Society of Automotive Engineers in 1931 
gave to the lubricants that are required for these more 
severe conditions the name ‘Extreme Pressure Lubricants’. 

The Lubricants Committee recognized that although in 
the field of perfect ‘fluid film’ lubrication the load-carrying 
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ability of a lubricant depends upon the viscosity of the 
lubricant and upon the viscosity only, there are other 
properties of the lubricant which determine its load- 
carrying ability in the field between ‘fluid film’ and ‘dry 
surfaces’. The members of the Committee did not attempt 
to define these other properties or to specify how they 
should be determined, they simply recognized these lubri- 
cants as a definite class and named them. 

Extreme Pressure Lubricants, or ‘E.P.’ Lubricants, as 
they are commonly called, are lubricants which under cer- 
tain operating conditions will permit greater loads or 
speeds than can be carried with ordinary mineral oil of 
similar viscosity. It will be noted that this definition is very 
similar to the definition of ‘Oilincss’. 

It appears that ‘oiliness* lubricants and ‘extreme- 
pressure’ lubricants differ only in degree, and that almost 
any general definition for cither will include both. How- 
ever, in common use ‘oiliness’ is usually associated with 
only mild increases over those obtainable with mineral oil, 
and ‘extreme pressure’ with increases of larger magnitude. 
‘Extreme pressure’ lubricants arc further divided into two 
classes: ‘mild E.P. lubricants’, and ‘powerful E.P. lubri- 
cants’. In view of the commercial use of the powerful E.P. 
lubricants for hypoid gear lubrication, these lubricants are 
generally commercially known as ‘hypoid lubricants’. 

Typical examples of ‘oiliness’ lubricants are saponifiable 
oils and blends of saponifiable oils, and blends of saponi- 
fiable oils with mineral oils. Lubricants composed of a 
blend of mineral oil with a base prepared by combining 
sulphur with saponifiable oil may be considered as one 
type of ‘mild’ extreme pressure lubricants and a lubricant 
containing mineral oil together with lead soap and sulphur 
may be considered as one type of ‘powerful* extreme 
pressure lubricants. These examples arc only for the pur- 
pose of illustration, since there are other compositions 
used for lubricants in all of these classes. Organic com- 
pounds containing chlorine or phosphates are receiving 
much attention at the present time. However, it must be 
remembered that an ‘extreme pressure’ lubricant is defined 
by its performance rather than by its chemical composition. 

The existence of this boundary field has been recognized 
for many years. In discussing the subject of ‘ Measurements 
of Friction of Lubricating Oils’ before the American 
Society of Mechanical Engineers at their fifth annual 
meeting in 1884, Professor Thurston [11, 1884] said: . . . 
‘the friction is neither the friction of solids nor the friction 
of fluids, but is intermediate. In all these cases, and under 
these various conditions affecting the method of applica- 
tion, it is impossible to say what is the law. There arc many 
laws involved; but, as Mr. Woodbury says in his paper, no 
algebraic expression is yet obtained, or is likely to be 
obtained, that will be of any great value to the engineer.’ 

It is on account of this fact that testing machines have 
been used and are being used to study lubricants in the 
field of ‘Extreme Pressure’. However, in 1884 Dr. Arvine 
[1], Chemist of the Standard Oil Company, pointed out 
that the agreement between the results yielded by ordinary 
testing machines and those obtained in actual practice was 
unfortunately very small. 

Recently, many types of laboratory testing machines [4, 
1931; 5, 1931; 8, 1931; 9, 1930; 13, 1932; 14, 1931] have 
been proposed for evaluating or classifying E.P. lubricants. 
All of these testing machines will show differences in the 
load-carrying ability of different lubricants; but, unless the 
testing machine will rate the lubricants in the same relative 
order of merit as the lubricants are rated in service, the 
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data obtained are not only worthless, but misleading. 
A laboratory testing machine cannot operate under the 
same conditions of pressure, rubbing velocity, temperature, 
&c., as are encountered under all actual service conditions. 
Any attempt to duplicate exact service conditions results 
in a design which is an exact duplicate of the service unit. 

Consequently, for each laboratory testing machine a set 
of operating conditions must be selected which will rate 
the lubricants in the same order of merit as is indicated by 
actual service. A testing machine which has been standard- 
ized in terms of the primary service data becomes a 
secondary standard for determining uniformity in produc- 
tion and for evaluating new lubricants with respect to 
extreme pressure characteristics. 

Much time has been spent in trying to learn how E.P. 
lubricants work. It appears that in order to be effective 
a film of some kind must be formed by some material 
in the lubricant reacting with the bearing surfaces, or 
in some other way forming a deposit on these surfaces. 
As examples of these actions iron sulphide may be formed 
on the bearing surfaces if steel bearings are lubricated with 
a mild E.P. lubricant containing sulphur, and a deposit of 
metallic copper may be formed on the bearing surfaces if 
steel bearings are lubricated with a mineral oil containing 
very fine copper powder in suspension. 

Unless an opportunity is given for the material in the 
lubricant to react with the bearing metal and thus produce 
the film-forming material on the surface of the bearing, an 
E.P. lubricant may be found to be little, if any, better than 
ordinary mineral oil in load-carrying ability. This explains 
why different testing machines appear to give such dis- 
agreeing results, and why an E.P. lubricant that is very 
powerful under some conditions and with a certain bearing 
material may fail to show these properties under other 
conditions or when used with a bearing of different 
chemical composition. This means that an E.P. lubricant 
does not have a definite ‘ film strength ’, although the expres- 
sion ‘film strength’ may be very convenient in describing 
the performance of a lubricant on a definite testing machine 
when operated under specific testing conditions. 

The effect of operating conditions on the performance of 
extreme pressure lubricants is illustrated in the reports of 
the National Bureau of Standards [2, 1932; 6, 1933] cover- 
ing the work which was done by them for the S.A.E. 
Extreme Pressure Lubricants Committee. At the time that 
this work was undertaken by the National Bureau of Stan- 
dards, several machines of different design and operating 
conditions were in general use. The results obtained with 
these machines did not check with each other, and none 
of them appeared to grade the lubricants in their true order 
of merit when used as lubricants for hypoid or spiral bevel 
gears operating under very extreme conditions. 

These machines were tested by the Bureau of Standards 
using a series of 9 lubricants that were selected to illustrate 
the different types of lubricants recognized at that time. 

The lubricants used in these tests and their rating on the 
different machines, as reported in the paper before the 
S.A.E, are shown below in Tables I and 11. The load- 
carrying ability of the lubricants is expressed in the ratio 
of load at seizure in comparison to the load at seizure of 
mineral oil. 

It will be noted that test machines 1 and 2 give results 
that are in fairly close agreement and that the results on 
machines 3 and 4 are similar to each other, but the results on 
machines 1 and 2 rate some of the lubricants in a different 
order of merit from the results on machines 3 and 4. In 
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addition, there is not perfect agreement between machines 
1 and 2 or between machines 3 and 4. All of these machines 
were similar in that they consisted of a steel shaft or cylinder 
that rotated under load against a flat or conventional 
bearing. The rubbing speed varied from 6 to 400 ft. per 
min. Some of the machines used hardened-steel bearings 
and journals, while unhardened steel was used in the others. 
As pointed out by the authors, these differences in design, 
materials, and operating conditions should and did result 
in rating the lubricants in different orders of merit. 

Table I 

Types of Lubricants 
Used by Bureau of Standards (2, 6J 
Classification 

Straight mineral oil S.A.E. 70 
Mineral oil plus lard oil 

Commercial lead-soap lubricant (non-corrosive) 
Lead-soap lubricant free from sulphur 
Commercial sulphurized lubricant 
Sulphur-chloride lubricant (16f°; base plus 
lubricant no. 1) 

Sulphur-chloride lubricant (72 lubricant no. 6 
plus 28% lubricant no. 1) 

Castor oil, U.S.P. 

Commercial lead-soap lubricant (corrosive) 

Table II 

Relative Loads at Seizure on Four Machines 

Bureau of Standards Tests [2, 6) 

Relative Loads at Seizure 


Lubricant testing-machine number 


Lubricant no. 

1 

2 

3 

4 

1 

1 

1 

1 

I 

2 i 

1 

1 

2 

15 

3 

3 

4 

1 

1 

4 

2 

2-5 

I 

I 

5 

2 

3 

3 

2 

6 

4 

5 

5 ]- 

3 1 

7 

1 


5 1- 

3-i- 

8 ! 

2 

I's 

'> 

3 

9 

25 

3 


2 


A more critical examination of the data in Table II will 
show that the difference in load-carrying ability of the 
several lubricants is essentially a difference in the rate of 
film formation. Lubricants 3 and 4 (lead soap without 
added sulphur) show strong E.P. properties on machines 1 
and 2, but they are not rated any better than straight 
mineral oil on machines 3 and 4. It is evident that the 
bearing materials and the temperature resulting from the 
operating conditions in machines 1 and 2 are such that 
the E.P. film is formed before the load reaches a high enough 
value to cause seizure, but that in machines 3 and 4 the 
conditions arc such that the E.P. film is so slow in forming 
that seizure occurs at loads no higher than those mineral 
oils will carry. On machines 3 and 4, in the case of lubri- 
cant 9, the sulphur which is present in addition to the lead 
soap forms a film at a lower load and temperature, thus 
preventing scoring or seizure until the film from the lead 
soap can be formed. 

The sulphur-chloride lubricants (nos. 6 and 7) furnish 
another example of the effect of machine design and operat- 
ing conditions on the rate of film formation. These two 
lubricants are identical with the exception that no. 6 con- 
tains a higher percentage of sulphur chloride base than 
no. 7, and as a result no. 6 carries more load than no. 7 on 
machine no. L 


On machines 3 and 4, however, the rate of film formation 
is so high with lubricant no. 7 that the full capacity of the 
machines is reached and consequently it is impossible to 
show any improvement by using lubricant no. 6. 

In a like manner the differences between all the other 
lubricants tested on these four machines may be explained 
on the basis that the differences in journal and bearing 
materials, rubbing velocity, rate at which load is applied, 
and other differences in operating technique, all result in a 
difference in the rate of film formation. 

If one or both of the rubbing surfaces should be some 
other metal, such as brass or bronze, the composition of 
the film formed by chemical action of the lubricant on the 
bearing surface would be entirely different, and for this 
reason lubricants that arc especially suited for steel on steel 
may not be as desirable for steel on bronze. For example, 
saponifiable oil additions appear to be more desirable than 
sulphur in the case of gears consisting of steel worms with 
bronze worm wheels. 

On account of the different results that arc due to differ- 
ences in design of the testing machines, physical and 
chemical differences in the bearing surfaces, operating 
conditions, &c., it is apparent that no single testing machine 
operated under a single set of conditions can grade lubri- 
cants for all kinds of service. The Bureau of Standards, in 
their work for the S.A.E. Extreme Pressure Lubricants 
Committee recognized this fact, and as a result they designed 
a new testing machine in which all of these factors can be 
varied over a wide range. The first experimental machine 
of this type is described in the paper ‘Apparatus for 
Determining Load-Carrying Capacity of Extreme-Pressure 
Lubricants’, by McKee, Bitncr, and McKee [7, 1933]. 
The authors state: 

‘The testing mechanism consists essentially of two self- 
alining steel rolls acting under load and so mounted that 
each may be independently driven at various speeds. These 
rolls are similar to the cups of typical roller bearings. Their 
outerorworking surfaces arc ground to truecylinders and 
their bores or inner surfaces are ground on a taper.’ 

By pressing these rolls together at different rates of load- 
ing by a suitable loading device, and by operating the rolls 
at different speeds so that slippage occurs at the area of 
contact, it is possible to establish a number of sets of 
operating conditions. A complete test of one lubricant con- 
sists in determining the loads at which scoring or scuffing 
of the rolls will occur under all of the various operating 
conditions. It is hoped that one set of operating conditions 
will be found so that lubricants may be graded in accord 
with their performance in service with hypoid gears on high- 
speed passenger automobiles. Another set of operating 
conditions may be required to grade the lubricants in accord 
with performance in service with very heavily loaded 
hypoid gears for slower speeds, such as in the case of heavy 
trucks. Still another set of operating conditions may be 
required to grade lubricants for spiral bevel gears for 
passenger car service, &c. 

Several experimental machines have been built; in each 
machine an attempt has been made to improve construc- 
tional details as the result of tests on the machines of the 
successive designs. It is the hope of the S.A.E. Extreme 
Pressure Lubricants Committee that the S.A.E. Extreme 
Pressure testing machine will be found to grade lubricants 
in the order of merit as indicated by their performance in 
service, and that it will be possible to obtain general accep- 
tance of the machine in the oil and automotive industries. 
Load-carrying ability is recognized as the most important 


Lubricant no. 
1 
2 

3 

4 

5 

6 

7 

8 
9 
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property of E.P. lubricants, but they must also have other 
desirable properties in order to be of commercial use. 
They must have sufficient physical and chemical stability 
so that they do not cause trouble from evaporation, undue 
change in viscosity as the result of service, separation, 
gumming, corrosion, loss of E.P. properties during use, &c. 
Since E.P. properties result from a certain amount of 
chemical action between the lubricant and the bearing, care 
must be used in developing and selecting E.P. lubricants 
in order to avoid undesirable chemical action that may 
result in corrosion, especially under unfavourable condi- 
tions of service. Such conditions may occur due to the 
presence of water, which must always be recognized as a 
possibility in most automotive applications. 

E.P. lubricants must not be expected to be a cure-all for 
all lubrication troubles. If the design of a machine is such 
that lubricant is not supplied to the bearing surfaces, then 
failure may occur even if E.P. lubricants arc used. Thrust 
bearings are frequently difficult to lubricate because in 
many designs there is little or no tendency for the lubricant 
to be fed between the bearing surfaces, even if the thrust 
bearing is immersed in the lubricant. With such designs 
E.P. lubricants should not be expected to be satisfactory 
under continuous service-operating conditions, even though 
they may sometimes be satisfactory for intermittent service. 
It is possible that in some intermittent service an E.P. 
lubricant may form a film by chemical action on the bearing 
surfaces when the bearing is not loaded, and then the bearing 
may operate under load for a short time on this film. 

When lubrication difficulties arc caused by such high 
operating temperatures that the lubricant tends to oxidize 
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and thicken so that it no longer has the proper viscosity, 
changing to E.P. lubricants may not cure the trouble. 
E.P. lubricants arc usually less stable than highly refined 
mineral oils, and therefore, under excessive high tempera- 
ture conditions they may sometimes make matters worse 
instead of better. The obvious remedy in such cases of high 
temperature oxidation trouble is to lower the temperature 
or to change the lubricant and replace it with fresh lubri- 
cant frequently enough to prevent the formation of the 
oxidized and thickened lubricant. 

‘Pitting’ of gear teeth, especially in the case of steel 
worms operating on bronze worm wheels, is usually the 
result of fatigue failures caused by too many repetitions of 
loads of very high unit pressure. Breaking of gear teeth 
in the case of spur gears or spiral bevel gears is usually 
another type of fatigue failure. E.P. lubricants will pro- 
bably be of little or no benefit in such cases of fatigue failure 
unless they act indirectly, as by lowering operating tempera- 
tures and thus increasing the resistance to fatigue failure of 
the gears. 

Although the present interest in E.P. lubricants has been 
developed as a result of co-operative work by the oil and 
automotive industries, these lubricants are equally im- 
portant in many other fields. Their industrial applications 
are very great and may even exceed those in the auto- 
motive field. Cutting lubricants, drawing compounds, &c., 
may be considered as special kinds of E.P. lubricants, and 
it is hoped that by the continued co-operation of the manu- 
facturers and users of E.P. lubricants in all fields, there will 
be rapid developments which will be to the mutual ad- 
vantage of all parties. 
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THE PRACTICAL SELECTION OF IMPROVED LUBRICANTS 

By L. L. DAVIS, BERT H. LINCOLN, and B. E. SIBLEY 

Continental Oil Company, Ponca City, Oklahoma 


The problem of selecting an oil in the laboratory for its 
true lubricating value is as yet unsolved; and, following 
the thought of an old maxim, the proof of an oil is the 
lubrication therewith. The physical requirements of a 
motor lubricant, viz. viscosity, pour test, flash, volatility, 
&c., are fairly well established and understood. On the 
other hand, the chemical characteristics — particularly 
those having to do with lubricating value and stability — 
are largely mysteries. The increase in knowledge of the 
mechanics of the true lubricating film has been consider- 
able during the past few years, but the general application 
of that knowledge to practical lubrication has b^n very 
slow. 

The increasingly severe requirements on a lubricating 
oil demanded by the modern powerful engine operating 
at high speeds and temperatures has resulted in the 
recognition of the need for a better lubricant. This need 
for a better lubricant has been answered in two general 
ways: improved refining methods to give better physical 
and stability characteristics, and the use of addition agents 
to improve those same characteristics as well as to add 
materially to the true lubricating value of the mineral oil. 

In several cases these addition agents have been offered 
after years of research work and ample practical service 
tests which have proved their worth. In far too many cases, 
however, ‘dopes’ are being offered to the public for addition 
to motor oil— which are based on insufficient empirical 
tests, and are in many cases actually detrimental to the 
equipment in which they are used. 

It has been known for many years that, under severe 
operating conditions, animal and vegetable oils give better 
lubrication than petroleum or ‘mineral’ oils. The first step 
towards an explanation of this phenomenon was the report 
on the work of Wells and Southcombe given before the 
Physical Society of London in 1919 [9], and the Society 
of the Chemical Industry in 1920 [15], in which they 
showed the improved lubrication to be due to small 
quantities of free fatty acids adsorbed on the metal sur- 
faces. They suggested the addition of small amounts of 
free fatty acid to mineral oils to obtain the oiliness 
characteristics of fixed oils, and termed this their ‘germ 
process’ [10, 1920; 13, 1918, 1919]. 

Aatomotive-Engine Lubricating Requirements. 

The increasing power, speed, and operating tempera- 
tures of modem automobile engines has greatly aggravated 
bearing troubles and has increased the difficulties of satis- 
factory lubrication. The increase in speed and power of 
automotive equipment during the past few years is too 
well known to call for further discussion in this article, but 
it will be well to consider briefly the resulting conditions 
which must be met by the lubricant. 

Sparrow [11, 1934] shows that, at 4,500 r.p.m. under full 
load, the maximum load on the bearings is 2,200 lb. per 
sq. in. of projected area and that the unit load is 1,500 lb. 
for approximately half of each revolution. Increased 
speeds and loads of modern cars produce crankcase 
temperatures of 250 to 300° F., and acPial film tempera- 


tures in the bearings are probably materially higher. These 
high temperatures decrease the viscosity of the oil and hence 
increase end leakage in the main bearings and starvation 
of rod bearings. 

These changes have greatly decreased the safety factor 
for viscous lubrication. Dickinson and Bridgeman [3, 
1933] have shown that modern conditions of load, speed, 
and viscosity approach, if not actually pass, the critical 
point between viscous and boundary lubrication. 

Special alloy bearings designed to withstand these more 
severe conditions are of three general types: (1) copper- 
lead alloys, containing about 60 and 40% respectively; 
(2) high lead alloys, with about 2% of alkaline earth metals 
incorporated in 98 % lead; and (3) cadmium alloys. These 
are superior to tin-babbitt alloys in load-carrying capacity, 
but are more sensitive to corrosion by oxidation products 
of the lubricant in service. 

The Use of Addition Agents. 

The increasing severity of automotive operating condi- 
tions has resulted in the need of improved lubricants and 
the successful development and marketing by major oil 
companies of oils with improved lubricating value. High 
film strength, if defined as the ability of a lubricant to 
carry high loads without bearing failure or excessive wear, 
is a desirable feature. However, any chemically active 
material will give high film strength. Thus any oil soluble 
material containing loosely combined halogens, sulphur, 
or free hydrochloric acid or sulphur or even carborundum 
will give very high film strength by preventing metal 
seizure — although the rate of wear or corrosion may be 
excessive. The more essential lubricating characteristics 
such as rate of wear, corrosiveness, volatility, sludge 
formation, emulsibility, &c., must not be disregarded. 

The difficulty is that there arc no laboratory methods 
of measuring true lubricating value, which include all 
the factors entering into the successful lubrication 
of a piece of equipment. A satisfactory lubricant must 
have the ability to carry the maximum possible loads at 
the maximum probable temperature without metal seizure 
or excessive wear; it should have low friction during the 
periods of thin-film operation; it must protect the metal 
parts against wear through metal-to-metal contact; it 
must form a protective film against corrosion from pro- 
ducts of combustion or decomposition; it must be stable 
under the maximum possible operating conditions; it must 
be non-volatile, non-toxic, and odourless. 

The Selection of an Addition Agent. 

The selection of a satisfactory addition agent to be used 
to improve the over-all lubricating value of a mineral oil 
is no easy task. Every phase of lubrication and metal pro- 
tection must be given serious consideration. Our investiga- 
tions have included the synthesis and study of over 1,000 
organic compounds, of which surprisingly few have proved 
of sufficient probable engine-lubrication value to justify 
detailed practical study. Four general steps are used in 
the selection of a compound: 
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THE PRACTICAL SELECTION OF IMPROVED LUBRICANTS 


1. The theoretical investigation includes the study of 
the physical and chemical forces of the adsorbed film on 
metal surfaces and the regimentation of molecules in oil 
solution, as discussed by Clark, Lincoln, and Sterrett. 

2. Chemical laboratory study: After the synthesis and 
refining of a product, the chemical study— both of the 
pure agent and its solution in oil — considers such items as 
chemical and thermal stability, metal corrosion, toxicity, 
and effect on the oxidation stability and the physical 
characteristics of mineral oils produced from different 
types of crude and by various refining processes. 

3. The physical laboratory study includes the measure- 
ment of film strength, load-carrying capacity, bearing- 
metal wear, oiliness, and engine-dynamometer lubrication 
studies. 

4. Four general classes of supervised road tests have 
been used: 

a. Controlled fleet tests. 

b. Supervised commercial fleet tests. 

c. Individual car tests under normal highway operation. 

d. Fleet tests under American Automobile Association 
supervision. 

Bearing failure or excessive wear occurs through the 
inability of the lubricant to prevent metal-to-metal contact 
under the given load, temperature, and speed conditions. 
The load-carrying ability of a lubricant is studied in the 
laboratory by means of the Timken [17, 1931] and Almen 
[16, 1932] machines. 

Timken Film Strength 

The Timken ‘film strength* is defined as the load on the 
beam, in pounds, at 788 r.p.m. and at 100'^ F. for 10 min., 
which gives incipient scarring of the bearing surfaces. In 
order to obtain reproducible results, particularly with 
mineral oils which may seize due to the slight jar when the 
load is placed on the beam, it was found necessary to use 
an automatic loading device. A standard rate of 22-8 lb. 
per min. is used in all Timken film strength and wear tests. 

The relationship between viscosity and film strength is 
shown in Fig. 1 . The lower curve is a regular grade Mid- 
Continent base mineral oil and the upper curve is the same 
oil plus 0*75% methyl a,a-dichlorostcaratc [6, 1932; 14, 
1934] (Chlor.-Ester). The vertical bars between the crosses 
represent the range in film strength of all the commercial 
mineral oils which we have tested. Practically every type 
of crude source and manufacturing process is represented. 
In general, we find that the greater the degree of refining, 
the lower the film strength of the oil from any given crude. 

The Timken film strength does not consider rate of wear 
or corrosion and, therefore, is not an indication of what 
might be termed ‘useful load-carrying capacity*. Long- 
time tests on the Timken machine indicate that the high 
rate of wear or ‘lapping in’ takes place in the early stages 
of the test; and that, if a lubricant will carry a given load 
for 90 min., it will carry that load for an indefinite period 
without excessive wear. A useful load-carrying-capacity 
test was, therefore, developed — which consists of a series 
of 90-min. runs on the Timken machine using progressively 
increasing loads until the oil fails to carry the load for 
90 min. The number of minutes the last load was carried 
before failure is recorded. Table I shows the results of 
comparing a number of addition agents in 1 % solutions 
in an S.A.E.-30 grade lubricating oil by this method. This 
shows that ‘high film strength* when considered alone 
may be misleading. Thus trichlororesorcinol, with a film 
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strength of 125 lb., is but little better than methyldichloro- 
stearate, which has a film strength only one-fourth as 
high. The reason for the mineral oil and the hexyl-chloride 
and oleic-acid blends carrying more long-time load than 
their film strength would suggest is probably due to the oxi- 
dation of the oil during the series of runs previous to the 
final maximum-load test. 

Table I 

The Relation between Timken Film Strength and Load- 
carrying Capacity 


I l oad-carrying capacity 



Timken 

film 

No 1 

— 


Addition agent — 1 % 

strength 

seizure 

beizure 

added to mineral oil 

(lb.) 

(lb.) ! 

(lb.) 

(min.) 

S.A.E. mineral oil 

8-8 

10 

15 

1 

Mcthyldichlorostearate 

28 

20 

30 

6 

Trichlororesorcinol . 

125 

20 ! 

30 

46 

Dichlorostcaric acid . 

59 

30 

40 

6 

Dichloropropylethcr . 

44 

15 

20 

30 

Pentachloroethanc 

1 38 

20 

30 

12 

/>-ChloroaniIine 

1 38 


20 

2 

p-ChloroanisoIc 

i 25-5 

10 ! 

15 

2 

Chloropseudocumenc 

j 15-5 

10 

15 

5 

Hexyl chloride . 

8-8 

10 

15 

2 

Oleic acid 

! 8-3 

10 1 

15 

1 


Timken Wear Tests on Bearing Metals 

The Timken film strength as determined with steel-on- 
stccl surfaces cannot be used to predict the effect of a given 
lubricant on soft bearing metals. The soft metals are used 
in bearings because they have the ability to continue 
carrying loads without metal seizure after the oil film has 
ruptured. Under such conditions, however, the rate of 
wear is excessive. 

The Timken machine may be used to study this factor 
by using a block of the bearing metal in question and a 
highly polished steel cup. Wear tests of 30-min. duration 
were made on various tearing metals, and the weight loss 
in grammes of the bearing block was used as a measure 
of the rate of wear. A new polished cup was used for 
each metal and oil, but the same cup was used for the 
various beam loads. In all cases the cups were carefully 
inspected, and the better of each pair was used for the 
mineral oil. The results of the wear test are given in 
Table II. The oils used were the standard S.A.E.-30 
mineral oil and the same oil plus chlor.-ester. It is inter- 
esting to note that although the mineral oil will carry 
relatively high loads on the better bearing metals, the 
resultant rate of wear is materially higher than when the 
same oil carries a satisfactory addition agent. 

In order to counteract any possible effect of differences 
in the cups, a series of 6-hr. runs was made with the same 
cup on cadmium-silver blocks at sufficiently low loads that 
the cup was not changed appreciably during the series. 
The average results of several runs are graphed in Fig. 2. 
In the case of the mineral oil at 25-lb. load, failure occurred 
in one run out of three. 

This shows that at high load, but definitely below the 
seizure point or film strength of either oil, the chlor.-ester 
blend will result in less wear than the mineral oil. Similar 
studies have been made with other compounding agents; 
and, in general, it can be said that if the product has the 
highly polar film-forming characteristics which give oiliness 
and is not corrosive on the bearing metals or copper, the 
rate of wear will be low. 
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Table II 

Timken Wear Tests on Bearing Metals 

\ Load on beam, lb. 


20 \ 40 \ 60 \ 80 


Metal 

1 Oil 

Loss in wt., g. 

S.A.E.-ll . 

mineral 

' 0 0019 ! 0 0040 0 0058 ! 0 0091 


chlor.-ester blend 

I 0 0014 1 0 0026 0 0034 0 0071 

Cadmium 

' 

' I 

1 ' 

no. 50 

mineral 

0 0026 ; 0 0075 1 seized 


, chlor.-ester blend 

: 0 0011 ; 0 0056 i 0 0073 i . . 

Cadmium 



no. 51 

mineral 

0 0025 0 0033 seized ' . . 


chlor.-ester blend 

0 0006 : 0 0030 i 0 0047 0 0062 

Copper- 


: 1 
i 

lead 

mineral 

0 001 3 0 0336 i 0 0390 seized 


chlor.-ester blend 

0 0004 : 0 0035 0 0153 1 0 0316 

Bronze 


! ■ 

no. F-1 . 

, mineral 

0 0129 1 seized ! . . ! 


mineral u ui^'^ i scizeu i 

chlor.-ester blend 0 0021 ! 0 0015 0 0046 1 0 0054 


Photographs of the wear-test blocks for the cadmium- 
silver no. 51 and the bronze no. F-1 are given in Fig. 3. 
The failure of the cadmium-silver with mineral oil at a 
load of 60 Ib. is particularly interesting because it indicates 
a possible reason for the failure of these bearings in service. 
The mineral oil failed to maintain a lubricating film, and 
the resultant frictional heat was sufficient to melt the 
surface of the metal which was ‘ wiped ’ out of the bearing. 
The chlor.-ester blend, even under 80-lb. load, maintained 
a sufficiently low friction to protect the bearing from 
failure. In the case of the bronze, the mineral oil under 
20-lb. load allowed twice the wear that resulted with the 
chlor.-ester blend under 80-lb. load. 


The third column is the Almen film strength using steel- 
on-bronze bearing metal instead of steel-on-steel. The test 
is conducted with the same procedure used in the regular 
Almen test. The fourth column gives the results of a 1 hr. 
wear test under a 2,000 lb. per sq. in. load. The loss in 
weight of the bronze pin gives the relative wear. 

The fifth column records the data from a 3 hr. reversing 
wear test of steel-on-steel. In actual service steel-on-steel 
bearings and journals are not used. The sliding of rings 
on cylinder walls is the only place where this combination 
occurs. In order to study the effect of a reciprocating 
action, a reversing mechanism was placed on the Almen 
machine — so designed that the machine operated in one 
direction at full speed, slowed to a full stop, and then 
accelerated to full speed in the opposite direction with 
a IJ min. cycle between stops. The reversing wear test 
was run for 3 hr., and the loss in weight of the pin deter- 
mined. The load was 2,000 lb. per sq. in. A study of 
Table III reveals that film strength alone, without con- 
sideration of wear, does not fully define a satisfactory 
lubricant. In general, it would appear that both high 
Timken steel-on-steel and high Almen stecl-on-bronze 
film strengths are required for low wear. The only excep- 
tion to this is oleic acid, which shows low wear in both 
tests but has poor film strength by all methods. 

The excessive wear obtained with mineral oil in both 
wear tests indicated the desirability of studying wear at 
lower loads. Table IV gives the results of a scries of wear 
tests at different loads for a mineral oil and the same oil 
plus chlor.-ester. Up to a load of 1,000 lb. per sq. in., the 
wear appears to be of the same order and within the 
probable reproducibility of the test. At 2,000 lb., however, 
the mineral oil shows excessive wear. 

Table IV 

Almethmachine One-hour Wear Tests Steel-on- Brass 


Almen Film-strength and Wear Tests 

The results of the use of the Almen machine [16, 1932] 
to study a group of addition agents arc given in Table III. 
The first column gives the standard Timken tests for pur- 
poses of comparison. The second column is the standard 
Almen film-strength test made with steel-on-steel at 600 
r.p.m. and applying the load at the rate of 1,000 lb. per 
10 sec. The ‘film strength’ is reported as the number of 
pounds per square inch of projected area the lubricant will 
carry for 10 sec. without seizure. 


Grammes' loss in wf. of 
brass pin 

Load Mineral Chlor.-ester 


{lb, per .sq, in.) 

oil 1 

blend 

250 

0012 : 

0008 

500 

0010 ! 

0014 

1,000 

0 058 1 

0050 

2,000 

0-859 ; 

0 040 

4,000 

seized , 

0036 

6,000 

.. 1 

0017 

8,000 


0009 


Table III 


Almen-machine Film-strength and Wear Tests 


Standard 

Timken 

film 

Oil plus 1 strength 

Almen film 
strength, 
steel-on- 
steel 

Almen film 
strength, 
steel-on- 
bronze 

Almen wear tests 

Steel-on- Reversing 

bronze steel-on- 

{loss in steel (loss 

addition agent 

(lb.) 

(lb.) 

(lb.) 

ft-) 

in g,) 

Mineral oil .... . 

9 3 

3,500 

6,000 

0-586 

0-451 

Methyidichlorostearatc 

28 

6,000 

15,000 } 

0036 

0003 

Trichlororesorcinol .... 

125 

8,500 

15,000 f 

0 006 

0-003 

Dichlorostearic acid .... 

59 

5,500 1 

15,0004^ 

0 003 

0-003 

Oleic acid ..... 

8-3 

4,333 

6,000 

0 041 

0-003 

;7-chloroanisole .... 

25-5 

5,000 

5,000 

0408 

0-216 

Dichloropropylcthcr .... 

. > 44 

6,500 

6,000 

0-477 

0-008 

Pcntachlorocthanc .... 

38 

10,000 

15,000 t 

0 002 

0 006 

Chlorodiphenyl .... 

25-5 

6,500 

5,000 

1 0-757 

0-008 

Chloropseudocumene 

. ; 15-5 

4,500 

5,000 

1 0-471 

0-717 

Tetrachloroethylene .... 

15-5 

7,000 

5,000 

0 611 

0004 

Hexyl chloride ..... 

8-8 

i 5,500 

15,000 

j 0-266 

0-208 
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The Almen ‘film strength’ is very sensitive to the speed 
used, and materially higher results can be obtained at 
lower than the designed speed of 600 r.p.m. Thus at 200 
r.p.m., the chlor.-ester blend in S.A.E.-30 carries an aver- 
age load of 13,000 lb., and at 160 r.p.m. over 17,000 lb. 

Bearing-metal Corrosion. 

It is evident that a lubricant must be non-corrosive on 
any metals with which it will come in contact during 
distribution and use. The more easily corroded metals 
found in automotive engines are copper and the various 
bearing metals, particularly those containing lead and 
cadmium. A study of the action of compounding agents 
on these metals must consider three factors : 

1. They must be stable and non-corrosive in their 
unblended concentrated state. 

2. They must not decompose in service to form corrosive 
materials. 

3. They must not accelerate the oxidation of the mineral 
oil to form corrosive products, but should act pre- 
ferably as oxidation inhibitors. 

The first factor is easily tested by any of the usual strip- 
corrosion tests on the compounding agent itself. The 
second and third factors must be considered together, 
since the blended oil is used in service, and the resultant 
chemical activity is due to both factors. We have found 
the simple ‘beaker’ test to be of real value in forecasting 
the corrosion characteristics of lubricants in service. Such 
a test will not 'show small ditfercnces between oils; but, 
along with the other characteristics, will certainly help in 
discarding the large majority of questionable products. 
Details of this test are given elsewhere. 

All types of metals found in automotive equipment. 


particularly bearing metals, have been studied; but we 
have found that a preliminary test using copper and 
copper-lead bearing metal will rate lubricants satisfactorily. 
Products which pass this test may then be tested on other 
metals such as cadmium-alloy or lead-alkaline earth- 
metal bearings. The results of the standard corrosion test 
on a number of lubricants are given in Table V. 

The group of mineral oils is interesting in that the wide 
range of corrosion found on supposedly satisfactory 
mineral oils is surprising. The first (no. 1) is a Mid- 
Continent base mineral oil. The other five are extensively 
advertised and widely distributed brands. That this factor 
of corrosion by mineral oils cannot be overlooked is proved 
by the fact that in actual road tests with such oils copper- 
lead bearing failures have occurred through corrosion in 
3,000 to 8,000 miles of operation. 

The second group shows the corrosion resulting from 
various addition agents compounded with mineral-oil 
base no. 1 . The Timken film strength is given for reference. 
It will be seen that a high film strength may mean a highly 
corrosive product. 

The third group shows the corrosion test on a number 
of branded, commercial, compounded oils purchased on 
the open market. It will be seen that the majority of these 
products are highly corrosive. 

Many corrosive agents also produce considerable sludge 
which may form a protective film on the test strip leading 
to deceptive results. In general, however, if a product 
shows little corrosion on both copper and copper-lead 
and forms no sludge, it is safe to proceed to road tests as 
final proof. 

A connecting-rod-bearing corrosion testing machine, 
recently designed by B. E. Sibley, operates so as to 
remove any protective sludge film. This machine shown 


Table V 


Beaker Corrosion Test on Bearing Metals 


Product S.A.E. 30 

A^^cnt 

used 

l.oss, nif^. per 100 sq. cm. 

Copper- ! Cadmium- 

Copper lead ! silver 

Timken 

film 

strength 

(//>.) 

Plain mineral oils: 



1 



1 . Conoco Mid-Continent base .... 


2 

2 

06 

8-8 

2. Solvent-treated Mid-Continent base 


7 5 

10 ; 


7-3 

3. Solvent-treated hastern base .... 


10 

12 1 


5-3 

4. Eastern base ....... 


7-5 

23 


8-3 

5. Naphthene base ...... 

1 

16 

36 i 


9 6 

6. Eastern base ....... 


6-8 

1-2 


8-3 

Oil no. 1 plus addition agent: 

7. Mcthyldichlorostearate ..... 

I 

4-5 

i 

5-2 


28 

8. Pentachlorocthane ...... 

1 

2 ' 

2 ^ 



9. Dichloropropylethcr ...... 


8 

10 

14 

44 

10. Trichlorophcnol ...... 


25 ’ 

15 


49 

11. Trichlororesorcinol ...... 

1 i 

1 


125 

12. Triphenylchloromethane ..... 

1 1 

77 ; 

95 

0 

74 

13. /7-Chloroanisole 

1 

69 i 

79 

0 5 

26 

14. Dichlorostearic acid . 

1 

1 

* * 1 

140 

16 

45 

15. Oleic acid 

I 

1 

430 

485 

8-3 

Commercial compounded oils: 


i 




16. Chlor.-ester blend i 

075 

2-7 i 

4-8 

j 1-6 

23 

17. Isopropyl esters of oxidized wax . 

2 

1 16 

- * 1 

116 

1 

4 3 

18. Chlorinated petroleum hydrocarbons, probably wax | 


42 

65 


21 

19. Processed castor oil . . . . | 

5 

13 1 

150 

i 123 

10-8 

20. Ketones, &c., from oxidized petroleum . ! 


19 

40 


! 15 

21. Chlorinated hydrogenated fish oil 

0-3* 

49 

153 


19 

22. Chlorinated diphenyl 

04* 

3 

31 


1 25 

23. Chlorinated naphthalene 

12 * 

2 

66 


1 31 


* Per cent, of chlorine in blend. 
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in Fig. 4 consists of standard connecting rods placed 
on a shaft which rotates at 1,800 r.p.m. A 15-lb. load 
is placed on the rods by means of a spring. Oil is 
circulated under 30-lb. pressure from a heated sump 
through the drilled shaft to the bearings. A test is run 
for 22 hr. at 350*" F. The amount of corrosion of the 
bearing inserts is determined as the loss of weight in 
grammes. Table VI shows the results of runs made on 
cadmium-silver and copper-lead bearings with four 
different oils. The difference in metal-weight loss between 
the chlor.-ester blend and the mineral oils is entirely too 
great to be explained by a difference in corrosiveness, but 
indicates an actual protection of the metal from corrosion. 
This protection must be due to the adsorbed film built up 
on the metal surface by the addition agent. 

Table VI 

Connecting-rod'bearing Corrosion Tests on Sibley 
Machine 


Weight loss in ftrammes 



Continental oils 

Solvent-treated oils 



Mid-Continent 



Chlor.- 

base 



ester j 


-- - 

Eastern 


blend | Mineral 

(/) 1 

(2) 

base 

Cadmium-silver bearings: 





No. 1 cap insert 

0 0864 i 0-9526 

1-2506 j 

1-5801 

2-1586 

No. 1 rod insert 

0 0980 1 0-9105 

0-9724 1 

1-4921 

04365 

No. 2 cap insert 

0-0789 1 0-9818 

1-7419 

1 9430 

1-4616 

No. 2 rod insert 

0-0709 1 0-8782 

0-8981 1 

1-3298 

2-0556 

Average loss per insert 

, 0-0836 ; 0-9308 

1-2158 1 

1-5863 

1-5381 

Copper-lead bearings: 

, 

1 

1 



No. 5 cap insert 

0-0079 

0-2118 ‘ 

0-3007 

0-4387 

No. 5 rod insert 

0-0191 

j 0-2673 1 

0-2259 

0-3929 

No. 8 cap insert 

o-om j 

0-1964 

0-3170 

0-4484 

No. 8 rod insert 

0-0176 ! . . 

1 0-2153 1 

0-2944 

0-3962 

Average loss per insert 

0-0139' 

i 0-2227 1 

0-2845 

0-4191 

Length of test, hours. 

.11 1 22 

22 ; 22^ 

22 

Average oil pressure, lb. per 


1 



sq. in. ... 

: 29 ; 35 

29 

33 

i 33 


Bearing Protection in Service. 

The primary purpose of a lubricant is the protection of 
bearing surfaces from wear. ‘Wear’ in automotive bearings 
results from direct chemical corrosion and mechanical 
abrasion. It is impossible to isolate the effects of these two 
factors, but it is certain that both enter into bearing wear 
under actual service conditions. 

We have shown that the oxidation products of some 
mineral oils, particularly of the highly paraffinic type, are 
highly corrosive on the newer type of bearing metals. 
Actual road tests under high temperatures of operation 
confirm this. 

The question of mechanical wear is not quite as clear. 
Certainly if ample oil were available at all times to furnish 
viscous lubrication, there would be no mechanical wear. 
This is proved by the fact that properly designed and 
lubricated industrial equipment shows practically no 
bearing wear. On the other hand, automotive bearings 
do show wear and hence must operate at times under 
boundary or thin-film lubricating conditions. Under such 
conditions the improved lubricating value obtained by 
a good addition agent should manifest itself in less bearing 
wear. Road tests to prove this must of necessity be over 
long periods of time, and to prove the value of the addition 
agent must be made in comparison between a mineral oil 
and the same oil with the added compound 


Such comparative road tests between mineral oil and 
the same oil plus chlor.-ester are shown in Table VII. 
The connecting-rod-bearing wear is reported as the 
average loss of weight in grammes of all connecting-rod 
bearings in the car per 10,000 miles of operation. Where 
a ‘break-in* run is reported, the freshly overhauled engine, 
with new bearings, was given our standard break-in run 
of 2,500 miles — starting at 25 m.p.h. and increasing in 
uniform increments to 50 m.p.h. at the end of the period. 
It is interesting to note that, with the exception of the 
dynamometer-engine tests, the rate of wear during the 
break-in period is materially greater than during the run- 
ning period. Since the corrosion characteristics of the 
two oils by laboratory test arc very low and of the same 
degree, we believe that the greater bearing metal protection 
of the chlor.-ester blend is due to its greater lubricating 
value as indicated by the wear tests discussed above. 
Comparative figures are not given for cadmium-silver 
bearings, as our study of that material is not yet complete. 

Table VII 

Rate of Wear of Connecting-rod Bearings in Service 


Percentage 
composition of 
bearing metal 

Car 

Speed 

Kate of Hear of 
connecting-rod hearings 
ig. per 10,000 miles) 

1 Mineral j Chlor.-ester 
oil j blend 

Copper-lead : | j 1 

Copper — 58-9% 

Studebaker* 

Break-in 

Q-0924 

i 0-0728 

Lcad~40% 

Studebaker* 

4,000 r.p.m. 

i 0-5183 

1 0-4569 

Nickel— l-r"o 

Studebakert 

50 1- m.p.h. 

0-.3424 

, 0-1174 


Studebakerj 

50 i- m.p.h. 

0-4232 

0-2315 


Buick-8$ 

50 m.p.h. 

0-0544 

! 0-0449 

High lead: 




Lead— 98 % 

Buick-8t 

Break-in 

1 0-1864 

0-1856 

Alkaline-earth 




1 

metals — 2 % 

Buick-8t 

50 m.p.h. 

0-1024 

0-0955 

Copper- lead : 




I 

Lead— 36% 

Ford V-8 trucks 

Break-in 

0-8232 

; 0-7112 

Copper — 64% 

Ford V-8 trucks 

50 m.p.h. 

0-3781 

; 0-2583 

Cadmium-silver: 

! Pontiac, 1935 ! 

1 50 i m.p.h. 

' 

i 0-0922 


• Studebaker model 'C' President engine connected to a G.E. 150-hp. 
dynamometer. 

t Studebaker model *C’ 1934 President coupe. 

t Conoco test fleet of Huick-8, model 33 -67, 4-door sedans equipped with 
special bearings as noted. 

§ Conoco Ford truck test fleet. Ford V-8 IJ-lon trucks. 

II Pontiac-8 — 1935 sedan. 

Cylinder and Piston-ring Protection. 

Until recently it has been generally assumed that 
cylinder wear results from direct abrasion between the 
piston-rings and the cylinder walls. More recent informa- 
tion indicates that it is largely the result of corrosion from 
the products of combustion, and that the greater pait 
of this wear takes place during the starting period before 
the cylinder walls have reached a sufficiently high tempera- 
ture to prevent water condensation on the surface. 

True abrasion may result from distortion of cylinder 
walls [12, 1935] or from piston slap. However, the greatest 
wear is not usually across the cylinder [7, 1935]. Boerlage 
and Gravesteyn [1, 1932] found that in Diesel engine 
operation the rate of wear during the first hour was 8 
times that of normal running. Duff [4, 1933] concluded 
that speed, load, low oil supply, high temperatures, 
dilution, and even abrasive content have little effect on 
cylinder and piston-ring wear, but that this is greatly 
increased by operating with cylinder-wall temperatures 
below 194° F. Since wear was reduced by 60 to 80% 



THE PRACTICAL SELECTION OF IMPROVED LUBRICANTS 2607 


using hydrogen as fuel, the corrosive effects of combustion 
products of the fuel are largely responsible for ‘wear*. 
He showed that the use of a lubricant containing 0-6% 
of a vegetable acid reduced wear 25 to 40%. Everett and 
Stewart [5] and Keller [8, 1935], measuring wear by the 
iron content of the crankcase oil, found that iron is 
removed from the engine approximately 4 times as fast 
in the first hour as in the succeeding 5 hr. 

In measuring the rate of wear in our laboratory, we have 
used the same Chevrolet engine-dynamometer assembly 
used for consumption tests [2, 1935]. After several flushing 
charges— until the flushing oil showed no iron increase— 
the engine stood at room temperature (85-90'" F.) for 1 hr. 
The water jacket was cooled to 35*" F. A 6-qt. charge of 
oil was added to the outside sump at room temperature, 
and the engine started under load. The cooling-water 
temperature was allowed to rise uniformly until the normal 
running temperature of ISC'" F. was reached in 1 hr. Typical 
results show the iron removal for the first hour was 
0 0204 g. for the mineral oil and 0 0 104 g. for the same oil 
plus chlor.-ester. The average rate of iron removal for the 
5 succeeding hours was 0 002 g. and 0 001 g. per hr., respec- 
tively. Thus a decided advantage is indicated in the use of 
a carefully selected, strongly polar addition agent in a lubri- 
cant entirely separate and in addition to any lubrication 
value resulting from its film strength and oiliness. 

Cylinder Protection in Service. 

Cylinder and piston-ring wear was determined by car- 
and fleet-test work in connexion with the development of 
new addition agents. The results of three such runs arc 
given in Table VIII. The actual ring wear as determined 
by loss in weight is substantial, and in all cases shows a 
materially greater wear for the mineral oil than for the 
chlor.-ester blend. 

Table VIII 

Cylinder and Piston-ring Wear 



Amount of' 

Amount o/j 

Yo 


wear with 

wear with ■ 

greater 


chlor.~ 

mineral ; 

wear with 



Buick test fleet— 15,000 miles: 

ester blend , 

oil 1 

1 

mineral oil 

Oil-ring wear, g. . 

01311 

0-1795 

37 

Compression-ring wear, g. 

0 1666 

0-3692 

. 

121 

Total ring wear, g. 

0-2977 

0-.5487 

84 

Average cylinder wear, in. 

0 00021 

0 00029 

38 

Ford truck test fleet — 12,500 
miles ; 




Oil-ring wear, g. . . . ! 

00753 

0-1119 

48 

Compression-ring wear, g. 

i 0 0791 

0-1275 

61 

Total ring wear, g. 

1 0 1544 

[0-2394 

55 

Average cylinder wear, in. 

' 0 00018 

0-00029 

62 

Chevrolet test fleet — 30,000 
miles: 




Oil-ring wear, g. . 

0-2621 

0-4664 

78 

Compression-ring wear, g. 

0-3522 

0-3828 

9 

Total ring wear, g. 

0-6143 

0 8492 

” 38 

Average cylinder wear, in. 

0 00019 

0-00023 

21 


In all cases the cylinder wear is surprisingly low. All 
test runs were made at 50 m.p.h. under high-temperature 
conditions. There were relatively few starts and stops for 
mileage covered and, therefore, the low wear measured is 
added proof that corrosion under starting conditions is 
the cause of the major portion of cylinder wear. The 


cylinder-wear figures are the average of 6 measurements for 
each cylinder. The differences are small, but show that the 
average wear with the mineral oil is 40% greater than with 
the compounded oil. 

Stability of Compounded Oil. 

One of the most important factors in the selection of an 
addition agent is the question of its effect on the stability of 
the oil in which it is blended. Many products which are very 
desirable from the viewpoint of film strength, oiliness, low 
wear, &c., prove to be oxidation catalysts, and increase the 
rate of sludge and acid formation in the crankcase oil. 

A desirable product should show either no catalytic 
action or a negative one. The amount of sludge formed 
during the ‘beaker’ corrosion test discussed above is a 
good preliminary test for this factor. Table IX gives the 
amount of sludge, in milligrams, produced per 10 g. of 
oil during the corrosion test. This indicates that high 
film-srrength products may be powerful sludge-forming 
catalysts. 

Table IX 

Sludge Formation in Corrosion Test 

I ! Timken 

I 1 Jilfn 

! \fg. per I strength 

Mineral oil with 1 Yo of : | 10 g. of oil | {lb.) 

All mineral oils . . j none to 1-4 I 

Methyldichlorostearatc . | none | 28 

Trichlororesorcinol . 64 j 125 

Triphenylchloromethane 27 
Dichloroietralin . . I 43 I 

There is no satisfactory laboratory method available 
to-day which will measure the relative stability of lubricants 
in terms of the actual changes they will undergo in service. 
The present available oxidation tests are of little practical 
value for this purpose, since they disregard the catalytic 
effect of the metals with which they will be in contact 
during service and the contamination from fuel, air, dust, 
cooling agents, &c. It is therefore necessary to depend 
upon actual tests on the road to study crankcase-oil 
service changes. 

The results of the comparison of four oils in a Chevrolet 
test fleet are given in Table X. The test represents a total 
of 30,000 miles on each of 5 test cars. Runs of 1,100 miles 
were made between crankcase changes at an average 
speed of 50 m.p.h., over Oklahoma highways under July 
and August operating conditions. Oil no. 1 was a highly 
refined acid-treated Mid-Continent base oil; oil no. 2 was 
a solvent-treated Mid-Continent oil. Both oils were 
S.A.E.-20 grade. The characteristics of the fresh oil are 
given in the table. 

The stability of the oils, as indicated by the Sligh and 
the Indiana oxidation-stability tests, indicate considerable 
superiority on the part of the solvent-treated oil. The 
Indiana tests indicate that the addition agent improves the 
stability of the acid-treated oil, and has little or no effect 
on the solvent-treated oil. 

The actual service changes found in the road tests show: 
(1) that the wide differences found by the laboratory 
oxidation tests between solvent-treated and acid-treated 
oils do not occur in service; and (2) that the addition of 
the chlor.-ester tends to decrease rather than to increase 
the amount of oxidation of an oil in service. 

It is essential that a crankcase lubricant does not produce 
corrosive decomposition products in service, and therefore 
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the corrosiveness of the used crankcase oil is of value. 
The last section of Table X gives the average corrosion 
on copper and copper-lead for the four oils after 1,100 
miles of service. Compared with Table V, it will be seen 
that there has been little change in this factor during use. 


Table X 

Crankcase-oil Stability in Service 



Mineral i 

No. 1 plus 

Mineral 

No. 2 plus 


i oil no. 1 ! 

chlor.-ester 

oil no. 2 

chlor.-ester 

Fresh oil: 

! 




Gravity .... 

26*9 1 

26-4 

28-7 

28-8 

Flash-point 

430 1 

430 

430 

430 

Fire-point .... 

495 

490 

490 

490 

Viscosity at 100‘ F. 

354 

345 

345 

335 

Viscosity at 210" F. 

53-8 

53-3 

54-9 

54-6 

True colour 

29 

29 

24 

24 

Neutralization no. 

0028 

0-045 

0-045 

0-045 

Carbon residue, 

i 0-25 

0-25 

0-13 

1 0-12 

Sligh no. .... 

13 

16 

1-6 

0-2 

Indiana oxidation test : 




! 

Hours to produce: 

1 




100 mg. sludge per 10 g. of oil 


45 

99 

96 

I 0 neutralization no. 

i 30 

38 

' 47 

46 

True-colour increa.se, 50 hr. . 

, 1 

31 

1 1® 

1 20 

Chevrolet fleet runs: 

i 1 




Average % sludge per 1,100- 
mile run 

Average neutralization no. for 

1 1 

; 0-41 ; 

0-35 

0-33 

0-32 

1,100-mile run 

: 0-358 

0-315 

0-248 

0-245 

Average true colour 

; 1 

276 

, 157 

155 

Corrosiveness of used crankcase 

; 




oil: 

i 



I 

Milligrams loss per 100 sq. cm. 
Copper .... 

! 4-8 

i 2-7 

11-7 

13-9 

Copper-lead 

30 

4-8 

24-0 

20-6 


Oiliness 

The greatly overworked word ‘oiliness’ has been used 
to cover a multitude of opinions and hypotheses on the 
theory of lubrication. We believe that, from its historical 
development, it should be limited to that phase of lubri- 
cation which considers the coefficient of friction under 
boundary and thin-film conditions. A low friction under 
all conditions of lubrication is desirable, but under boun- 
dary lubrication it is essential. This importance is not due 
to loss of power, but to the increased production of heat 
through high friction. The heat resulting from boundary 
lubrication with an oil of low oiliness may quickly result 
in temperatures so high that a mineral-oil film fails. A 
compounded oil may have oiliness without high load- 
carrying ability. This is characteristic of the fatty acids, 
which under thin-film conditions — but below their film 
strength — will show low friction and prevent failure by 
keeping the temperature at a safe point. The newer 
products, such as chlorinated esters, may have both 
oiliness and film strength — which piermits the oiliness 
characteristics to function at higher loads and temperatures 
than in the case of the fatty acids. 

It is probable that the characteristic of oiliness, as 
differentiated from film strength, is the result of the forma- 
tion of a true adsorbed film of substantial thickness and 
permanence by polar molecules. Clark, Lincoln, and 
Sterrett, as well as many others, have shown that such 
films are unquestionably formed. It is therefore probable 
that the adsorbed film which gives oiliness is that which 
also gives metal protection against corrosion. 

The relative oilincss value of two oils may be shown on 
any laboratory apparatus which will measure the resistance 
to motion of surfaces under thin-film conditions The 


relative values, however, may change widely — depending 
upon the conditions of test, metals used, &c. 

For illustrative purposes a single example will be given. 
Fig. 5 shows the relationship between torque and load on 
an Almen machine, using a steel bushing and bronze pin 
at 1*2, 600, and 1,882 r.p.m. The results are shown for 
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Loacf on Bedring in Pounds 


Fig. 5. Relation between Almen-machinc torque, load, and speed 
with steel on bronze. 

S.A.E.-30 mineral oil and for the same oil plus chlor.-ester. 
It is particularly interesting to note the decrease in load- 
carrying ability of the mineral oil with increased speed. 

It is impossible in practical road tests to isolate the effects 
of oiliness as defined above; however, in all our road work 
we have found a definite lower operating temperature as 
measured by the differential increase in water temperature, 
temperature of oil from the bearings, and the oil-sump tem- 
perature for the blended oil as compared to the mineral oil 
under comparable operating conditions. As an example, in 
the Chevrolet fleet tests, where the comparisons were carried 
out under conditions as nearly identical as was physically 
possible, the average sump temperature of the cars on the 
chlor.-ester blend ran 8 to 10® F. below those on mineral oil. 

Probably the best example we have of this characteristic 
was made at the Indianapolis speedway, where a Stude- 
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baker racing car was under test at 104 m.p.h. Switching 
from mineral oil to chlor.-ester blend and back showed 
an average lower sump temperature of 20^" F. under identi- 
cal driving conditions. 

Miscellaneous Characteristics. 

Consumption of Oil in Service. The best available 
information we have, both from dynamometer and road 
tests, indicates a decrease in consumption with the addition 
of chlor.-ester and similar oiliness agents, but the many 
factors entering into the consumption of crankcase oil 
make it difficult to isolate any one factor. In the Ford 
test fleet the blend showed an average mileage of 359*9 
miles per qt. as compared to the mineral-oil average of 
309, or an increase in mileage of 16%. 

Under abnormally severe operating conditions much 
greater differences are found Thus, in the case of the 
Buick fleet during tests on Pikes Peak, the mineral oil 
showed a mileage per quart of only 237*5 as compared to 
the 403 for oil containing chlor.-ester. This large difference 
in consumption is partially due to different rates of wear 
during the 25,000 miles of operation. 

Consumption of Addition Agent in Service. An addition 
agent may be consumed in service at a greater rate than the 
oil, due to either decomposition or vaporization. Such very 
volatile agents as pentachloroethane vaporize rapidly under 
high-temperature operating conditions — thus making them 
unsatisfactory for practical use, regardless of film strength. 

Effect on Physical Characteristics of the Oil. In general, 
the small quantity of an addition agent has little or no 
effect on the physical characteristics of the oil, but a few 
factors must be considered in the final selection of a pro- 
duct. It should be perfectly soluble at all temperatures, 
so that neither the cloud nor the pour test of the oil is 
raised. The more volatile products may depress the flash- 
point, and volatile chlorinated hydrocarbons may give 
a peculiar bluish glow rather than a true flash. The material 
must not be water-soluble or tend to increase the emulsi- 
fying characteristics of the oil. As a rule the ester type 
of compound has low viscosity and a high viscosity index, 
but is used in too small a quantity to make an appreciable 
difference in the mineral oil. 

Toxicity. Neither a compounding agent nor its de- 
composition products should have any toxic or obnoxious 
— such as odorous, anaesthetic, or corrosive — character- 
istics. The animal and vegetable oil bases cannot be used 
because of the offensive odour from the decomposition 
products of the fixed oil. Relatively volatile products, 
particularly highly chlorinated lighter hydrocarbons, are 


undesirable — both because of their loss through evapora- 
tion in service, and the possibility of harmful effects to the 
operator of a closed car. 

Summary 

The increased severity of the operating loads, speeds, and 
temperatures of the modern automotive engine Jiave 
necessitated the improvement of crankcase oils. The true 
lubricating value or the ability to lubricate under severe 
or abnormal conditions may be improved by the use of 
a carefully selected addition agent. The selection of such 
an agent cannot be accomplished with a single or limited 
group of laboratory tests, but must ultimately depend upon 
actual service tests on the road. A detailed study in the 
laboratory of all the factors involved in lubrication is 
a valuable preliminary step. The various factors which 
must be studied are: 

j . Load-carrying Capacity, which is the ability to carry 
the highest possible load at the highest probable tempera- 
ture with a minimum supply of oil for an indefinite period. 

2. Oiliness, which is the ability of a lubricant to operate 
under boundary or thin-film conditions with low friction 
and resultant low-heat formation. 

3. Metal Wear. The oil must not only carry high loads 
with low friction, but must do so without appreciable 
metal wear. 

4. Corrosiveness. Neither the agent nor its decomposi- 
tion products should be corrosive to any metal with which 
it will come in contact during distribution or service. 

5. Corrosion Protection. The product must not only be non- 
corrosive itself, but should form a strongly adsorbed film on 
metal surfaces which will protect them from the corrosive 
products of combustion and of oxidation of the mineral oil. 

6. Stability. The addition agent must not only be stable 
under the highest temperatures reached, but it must not 
accelerate the oxidation of the mineral oil. It should act 
preferably as an inhibitor. 

7. Physical Characteristics. Its physical characteristics, 
such as volatility, flash-point, pour test, solubility, &c., 
must not be detrimental to the required specifications of 
the mineral oil. 

8. Toxicity. I’he addition agent must have neither toxic 
nor obnoxious characteristics. 
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MECHANICAL TESTING OF LUBRICANTS-LABORATORY 
ENGINES AND WORK FACTOR METHODS 


By G. M. MAVERICK, Sc.D., Manager, and A. J. BLACKWOOD, M.E., M.S.A.E. 

Bayway Development and Research^ Standard Oil Development Company 


The testing of lubricants in automotive engines may 
logically be divided into two parts. First is the technique 
of conducting the test, including the selection of equipment 
best suited to produce the desired results and the proper 
selection and control of test conditions. To this should 
be added the means of evaluating the mechanical condition 
of the equipment both during and at the conclusion of the 
test. Second is the selection of the lubricant to be tested, 
and evaluation of the significance of changes in the 
mechanical condition of the equipment and physical and 
chemical changes which take place in the lubricant during 
the test, as related to the original properties of the lubri- 
cant. It is the first of these factors with which this article 
is concerned, namely, the methods employed to obtain 
the data rather than the interpretation of the data. Tests 
of the nature of those to be described are useful to the 
petroleum refiner and marketer who is desirous of im- 
proving lubricants with respect to performance charac- 
teristics; to the car manufacturer for determining how his 
car performs with various lubricants and who needs guid- 
ance in the setting of specifications; and to the consumer 
for the testing of different lubricants in his particular 
equipment. 

Engine and other mechanical tests are intended to bring 
out one or more of the following performance charac- 
teristics of the lubricant used: 

1. Consumption. 

2. Sludging and oxidation (ring- and valve-sticking in- 
cluded). 

3. Low-temperature performance. 

4. Carbon formation. 

5. Wear. 

In the following, each of the above will be treated 
critically and a procedure outlined which it is felt offers 
the best hope for successful results by the investigator. 

To begin with it should be recognized that the testing 
of lubricants in an internal-combustion engine is an ex- 
tremely difficult art rather than an exact science. We are 
dealing with complex chemical materials, and the laws 
which govern their behaviour under the different operating 
conditions encountered are not well recognized. The range 
of operating conditions to be encountered in actual service 
is, for all practical purposes, infinite, and there is little 
assurance that the results of tests carried out under the 
most carefully controlled conditions will necessarily apply 
for approximately similar field conditions. Moreover, the 
internal-combustion engine is in itself a highly variable 
piece of machinery, changing almost from minute to 
minute in the way it performs. One might almost say that 
no two successive engine cycles exactly reproduce each 
other. Clearances change with use; the position of the 
piston rings are constantly shifting in the piston-ring 
grooves; scale in the cooling jackets changes the efficiency 
of heat transfer and varies the temperature differential for 
a given heat flow; carbon accumulation goes on at a 
variable rate, and the amount of oil reaching the cylinders 


varies as wear increases. Numerous other conditions are 
constantly changing, and all these serve to complicate the 
test results and make them difficult to reproduce. 

Therefore, it is well for the research worker and the 
prospective investigator in this field to have clciirly before 
him an appreciation of the difficulties of the problem. 
Few fixed rules can be set. It shall be our aim to describe 
methods of test which, according to our present concepts, 
offer the best possibilities of giving satisfactory results. 
While many of our readers will prefer their own test 
methods, none will deny that tests of lubricating pro- 
perties must be carried out with scrupulous, painstaking, 
and intelligent exactitude if the results arc to be trustworthy 
and reproducible. 

Our first consideration becomes the selection of equip- 
ment for the tests. Generally speaking, there are two broad 
ways of approaching the problem. First, to test a large 
number of units, such as a commercial fleet, so that 
individual errors are minimized and representative results 
obtained on a basis of a group average. Second, to conduct 
all tests of a similar nature on one piece of equipment and 
take the necessary precautions to ensure the results being 
representative. Usually, the first method is too expensive 
for research work. While it would seem that fleet tests 
under variable conditions on a large number of units 
should give the most convincing results, actually it is 
practically an impossibility to conduct fleet tests and 
assemble data which are dependable and reproducible. 
For example, on the question of oil consumption, data for 
a fleet of 40 identical buses were analysed over one year’s 
operation. For a single oil, consumption on individual 
buses varied as much as 85% from month to month, and 
the monthly fleet average varied as much as plus or minus 
15 % from the yearly average. With such changes obtaining 
on a single oil the difficulty of determining oil consumption 
on different oils can well be appreciated. Such uncertainty 
of results from fleet tests along with the general necessity 
of obtaining comparisons more rapidly than can be had 
by them, make questionable the fleet test as a satisfactory 
tool for lubricant research. 

Tests on one piece of equipment offer more hope. 
Needless to say, where the cost permits and greater 
accuracy is required it is desirable to obtain check data 
on several pieces of equipment under controlled conditions. 
Unfortunately, lubricant tests arc necessarily costly, and 
in the vast majority of cases the number of tests is limited 
by cost to one unit. For these reasons the discussion 
will be limited to methods of conducting tests on a single 
unit. 

To obtain results of suitable precision it is necessary 
in practically all types of tests to use a reference lubricant 
as a basis of comparison. This reference product is run 
at regular intervals throughout a series of experiments, and 
the variation from test to test due to mechanical changes 
in the equipment can largely be accounted for by compari- 
son of results with a reference line drawn through the 
reference oil data, as shown on Fig. 1. 
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Before a series of tests is started, then, a reference 
lubricant must be chosen. The considerations governing 
its selection depend upon the type of information desired 
and the equipment upon which the tests arc to be made. 
Ordinarily a product is selected for the reference oil that 
is not perfect in respect to the characteristics to be studied 
—in order that the comparison with other lubricants may 
be expressed in relation to the reference oil. For example, 
if sludge formation is to be studied, it would be of no 
value to have as reference an oil which formed no sludge 
under the test conditions chosen, since such runs could not 
be rated in relation to those obtained on the oils being 
studied. Another characteristic of the reference oil which 
must be considered is viscosity. This must be selected to 
suit the engine. 



Oils Tested. 

Fig. 1. 

Having selected a reference oil, or a group of reference 
oils if the investigation is to cover a broad field of investiga- 
tion on different grades of oils on different types of equip- 
ment, it is essential only to ensure that adequate supplies 
are made available, and that the total supply of each 
reference oil is well mixed before being stored in carefully 
sealed containers. There is no very exact knowledge as 
to how stable lubricants are when stored for long periods. 
Hence to minimize the possibility of changes occurring in 
a reference oil, careful consideration should be given to 
packing, storage temperature, and other details. 

The five principal kinds of engine-lubricant tests will 
now be discussed, giving such details of equipment selection 
and test technique as it is felt will be of assistance to those 
interested in conducting experiments along these lines. 
It is hoped also that the information to be given will be of 
value to the reader in weeding out the good from the bad 
in the interpretation of so-called ‘test results’ which are 
currently being presented in support of claims for product 
performance. 

I. OU Consumption 

Oil consumption is always a prime consideration in the 
evaluation of a lubricant for a given service. In a large 
percentage of cases consumption is the only criterion on 
which an oil is judged, particularly by the average passen- 
ger-car owner who in most instances has no other yardstick 
for the comparison of lubricants in his particular car. 
Consequently a superior lubricant must give low consump- 
tion as compared to other oils generally suitable for the 
specific service being considered. 

IV 
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Consumption of oil in actual road service is a composite 
of three quantities. First, there is the consumption of oil 
due to passage of lubricant past the piston rings into the 
combustion chamber where it is either burned or discharged 
with the engine exhaust; second, there is the consumption 
due to volatilization of the oil when subjected to heat 
and subsequent escape of the oil vapours through the 
crankcase breather or ventilator; and third, the consump- 
tion due to leakage at the gasketed joints, at the rear-main 
bearing, and at faulty oil-pipe connexions. The last cannot 
usually be attributed to oil characteristics although it is 
true that viscosity may influence the amount of leakage. In 
laboratory tests some leakage is inevitable, and since it is 
due to a mechanical fault, such leakage is collected and 
not considered as consumption. 

Three types of oil-consumption tests are of interest. 
These are (a) torque-stand consumption tests, (b) road- 
consumption tests, and (c) dry sump oil-consumption 
tests. To this might be added the rear- wheel dynamometer 
consumption tests, but since few laboratories are equipped 
to conduct such tests and because the technique is essen- 
tially that of the road test, this method will not be described 
in great detail. 

(a) Torque-stand Oil-consumption Tests, 

Most laboratories will find the dynamometer test the 
most satisfactory method of running oil-consumption tests, 
since accurate control and reproduction of test conditions 
are possible. Furthermore, this test can in many cases 
be combined with and made a part of tests for carbon 
formation, sludge formation, engine wear, &c. The equip- 
ment needed consists of : 

1. The Engine, Preferably a model in wide public use, 
and in good mechanical condition. Carburettor and ignition 
settings should conform to factory recommended practice. 

2. Power Absorption Unit, Either an electric dynamo- 
meter (or generator) or water brake is satisfactory, the 
former lending itself more readily to automatic control if 
desired. 

3. Accurate set of balances for weighing the oil charged 
to and drained from the engine. 

4. Temperature-measuring Instruments, An electric po- 
tentiometer employing iron-constantan thermocouples is 
best adapted for this work. 

5. Orsat or indicating exhaust-gas analyser for setting 
and adjusting the carburettor. 

6. Oil Cooler, In many cases crankcase temperatures of 
an engine on a test-stand run above normal-road tempera- 
ture, so that crankcase-temperature control is essential. 
Fans can be directed against the case, but this is not entirely 
satisfactory. Water sprays may be directed against the 
case, but if oil leakage occurs, as it frequently does, and 
since any leakage must be collected and accounted for, 
the spray system fails; water-jacketed crankcases may be 
built up, but these are cumbersome and expensive. The 
most satisfactory method is to employ a simple heat ex- 
changer between the water-cooling system, or an external 
supply of cooling water, and the oil — and pump oil from 
the crankcase through the cooler and back to the crankcase 
by means of a small auxiliary gear pump driven by an 
electric motor. The crankcase oil temperature may be 
controlled by regulating either the rate of oil circulation 
or water feed to the cooler. 

7. Leakage Tray, This is essential in oil-consumption 
tests, since some leakage is almost inevitable and must be 
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taken into consideration. The tray should be somewhat 
longer and wider than the engine, and about 2i in. deep. 

8. Engine-cooling System, A radiator and fan assembly 
may be used, but usually oversize units are needed to 
prevent boiling. A simple standpipe with overflow and 
cold-water make-up is Ae most convenient method. Of 
considerable convenience is an automatic device to actuate 
the cold-water valve for temperature control. 

9. Miscellaneous Equipment, This should consist of a 
speed indicator, oil-pressure gauge, clock, manometers, 
thermocouples, or thermometers. 

Consideration should be given to the following in select- 
ing the operating conditions for the test: 

1. Cooling-water Temperature, Normal temperatures are 
usually maintained thermostatically on the road at around 
175-185° F. For cars without such control the temperature 
usually runs somewhat lower. A good operating tempera- 
ture for test is 185° F. 

2. Crankcase Temperature, Road tests have shown that 
for high-speed summer operation temperatures frequently 
reach 220-240° F. For heavy duty bus- and truck-engines 
190-210° F. is more common, whereas for average passen- 
ger-car service 175-195° F. is normal. Winter operation 
will average only about 30° F. below these figures. Thus 
temperatures approximating to 195-205° F. will generally 
be satisfactory. 

3. Engine Speed, Consumption increases rapidly with 
increased engine speed, doubling for each increase of 

10 m.p.h. for most passenger cars, i.e. the consumption 
at 60 m.p.h. is about eight times the consumption at 
30 m.p.h. If the test speed is too high, a difference in speed 
of 1 or 2 m.p.h. between comparative tests will account for 
more difference in oil consumption than may exist between 
the oils; if too low a speed is used consumption is low, 
and unless long tests are run the accuracy of measuring 
the consumption seriously affects results. While it is 
highly desirable to obtain consumption on each oil tested 
at various speeds, a single test does not readily lend itself 
to this. It is recommended that engine speed be set at 
a figure higher than that corresponding to average operat- 
ing speeds on the road but well below maximum speeds. 
Few engines can operate at sustained maximum speeds 
for long periods without encountering mechanical troubles 
which tend to confuse the consumption results, 

4. Duration of Test, While it is possible to obtain 
reasonably accurate consumption figures on a short test, 
the results are apt to be misleading when transposed 
to actual service results. Long-time results on an oil 
depend markedly upon the ring-sticking qualities of the 
oil, and the test should therefore be of sufficient duration 
to enable equilibrium engine conditions to obtain. Also, 
the test should be sufficiently long to overcome any initial 
volatility loss (for low flash-point oils particularly). Since 
sorne commercial operators run 2,000 miles between oil 
drainings, and since consumption over an equivalent period 
in the laboratory will best simulate road performance, it is 
recommended that a test of 50 hours’ duration be made. 

5. Make-up Oil, Here, again, customer practice should 
dictate when make-up oil is to be added. The test should 
start, of course, with the crankcase charge recommended 
by the car-engine manufacturer. The average driver adds 

011 when the level has dropped approximately 1 quart. 
During the test, therefore, make-up oil should be added 
whenever the oil level has dropped 1 quart. If crankcase 
oil-samples are desired during the run, to determine oil 


deterioration, such samples should be taken prior to the 
addition of oil, and an amount equivalent to the sample be 
replaced with the make-up oil. It is important that the 
total quantity of oil withdrawn as samples be kept as small 
as possible. The addition of the final make-up oil should 
occur such that at the end of the test, the level is down 
1 quart below full charge. 

6. Operating Cycle, Although not strictly necessary, it is 
highly desirable to run the test in cycles approximating 
the average type of service on the road, wherein normal 
driving is interspersed with periodic idling operation. 
Wherever possible, therefore, a cycle corresponding to say 
9 minutes running and 1 minute idling should be adopted. 
The suggested load is approximately 20% above that 
necessary to operate on level road to compensate for 
accelerations, hill climbing, and the like. 

Test Technique. The following test technique is given 
on the assumption that the foregoing considerations and 
recommendations have been adopted, and that the engine 
is perfectly clean throughout and in proper adjustment as 
to spark setting, carburettor adjustment, &c. 

1. Check cooling system, thermocouples, battery, and 
place the leakage pan under the engine. 

2. Add i crankcase charge (approximate) and start up 
engine. Make final adjustments wherever needed. Run 
until oil temperature is 150° F. Remove drain plug. When 
majority of oil has drained out, stall engine and idle for 
30 seconds. Stop and allow to drain until oil is dropping 
at a rate of 30 drops per minute. Replace drain plug. 
This procedure serves to give the ‘zero oil level’ point 
without which it is impossible to correct for the amount of 
oil which cannot be drained from the engine. 

3. Weigh out the proper crankcase charge and put it 
into the crankcase. (Weigh container before and after 
adding oil to get the exact weight added to engine.) 

4. Start engine and bring it gradually up to the operating 
conditions agreed upon. 

5. Adjust water and oil temperatures to the desired 
values. 

6. Complete test schedule. 

7. After final shut-down of engine, allow oil to cool to 
1 50° F. and drain as in 2 above. 

8. Weigh the leakage oil (if any) accumulated in the 
pan. To do this accurately, pour as much of the oil as 
possible into a container of known tare weight. Weigh 
this oil. Now weigh several dry rags and with them mop 
up the remaining oil in the leakage pan and weigh the 
soaked rags. From the oil-weight data the actual con- 
sumption may be computed. {Note, It should be pointed 
out that all make-up oil is added to the engine by weight 
also.) From the specific gravity of the oil the volume 
consumption may be determined. 

9. Dismantle engine. This includes removal of the 
pistons for cleaning, particularly in regard to any gummy 
or carbonaceous deposits in the piston-ring zone. At this 
point a complete engine inspection (see section II for 
method) may be made if desired, carbon deposits removed 
for weighing and chemical analysis, and wear measure- 
ments taken. Thoroughly spray out all engine parts with 
kerosine and blow dry. 

10. Reassemble engine, taking particular care on piston- 
ring assembly to replace parts in the same position as 
removed. Engine parts should be oiled with the next 
lubricant to be tested before assembling. 

11. Repeat procedure 1-10 for next oil on the pro- 
gramme. 
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(b) Road-consumption Tests. 

In many cases, due to lack of laboratory engine-test 
facilities, road tests will be the only way by which con- 
sumption of different lubricants can be determined. Also, 
for those cases where laboratory tests are run, it is highly 
desirable to check the torque-stand results by operating 
cars on the road. The selection of a satisfactory route and 
driving schedule is the first consideration. The round-trip 
distance should be about 125 miles, thus eliminating the 
necessity of refuelling en route, and the adding of oil for 
cars having high oil consumption. Also, for consistent 
results, a driver should not be expected to drive much 
more than this distance at one stretch under the rigorous 
schedule necessary for such tests. 

A rigid time-schedule should be laid out in advance by 
driving a car over the proposed route at the desired speed, 
and a time-table made showing where the car should be 
at intervals of not over 10 minutes. All stops should be 
specified. Where traffic signals are encountered, a stop 
must be scheduled whether or not the driver has the ‘Go’ 
signal. Drivers should be given the following instructions: 

1. Adhere strictly to the time-schedule, making all 
scheduled stops. 

2. Should time be lost at some point, make it up gradu- 
ally, not by a burst of high speed. 

3. Accelerate smoothly and use the brakes as little as 
safety permits. 

4. Hold constant speed. Do not race the engine during 
idle. 

Ordinarily road-consumption tests are made without 
overhauling the engine between tests other than to provide 
a routine check-up on spark plugs, ignition points, battery, 
chassis lubrication, tire pressures, cooling water, brakes, 
and steering mechanism. It is necessary, therefore, to run 
periodic tests — identical in all respects to the main tests — 
on a reference oil. Preferably, this should be every other 
test, although in an extended series it can be reduced to 
every third or fourth test. By this means mechanical 
changes and wear can be taken into consideration in 
evaluating final results. Each test should be a minimum 
of 500 miles for accurate consistent data. Beyond in- 
stallation of a distance-typc-indicating thermometer for 
the oil-sump temperature no special equipment is neces- 
sary for the car, although in many cases installation of 
extra distance-type-indicating thermometers may provide 
useful information. At the base garage there should be 
facilities for weighing oil accurately, for draining the 
crankcase, and for servicing the car. Assuming that the 
car has been put in good operating condition and that 
the crankcase has been flushed out, the principal points 
of operating technique are as follows : 

1. Charge 1 gallon of test oil to crankcase. Drive car, 
or run engine in garage, until oil temperature is at 150"" F. 
Check for oil leaks. 

2. Place car on a level floor. It is desirable to mark the 
exact spot where the wheels rest and return the car to this 
exact mark on subsequent drains, thus ensuring a constant 
car position during the time the oil is being drained. 

3. Remove drain plug and allow oil to run out. When 
main body of oil has drained, step on electric starter and 
crank engine for 30 seconds. Allow oil to drain until it 
reaches 30 drops per minute. Replace drain plug. This 
procedure serves to give the ‘zero oil level’ point without 
which it is impossible to correct for the amount of oil 
which cannot be drained from the engine. 
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4. Weigh out the proper crankcase charge and put it 
into the crankcase. (Weigh container before and after 
adding oil to get the exact amount added to the crankcase.) 

5. Fill fuel tank, set milage indicator to zero miles, and 
start test. 

6. After each round trip (125 miles), check oil level and 
add make-up where a full quart is necessary. Refuel. 

7. It is desirable to allow the engine to cool down between 
each 125 or 250 miles of the test, corresponding to standing 
overnight. Whatever procedure is adopted in this respect 
should be adhered to throughout the series. 

8. If different drivers are used, or if an extra observer 
is expected to make occasional trips, differences in weight 
carried may be compensated with sand-bags. Car windows 
should be shut (or open) to give uniform wind resistance 
from test to test. 

9. At the end of the test (500 miles or more) return the 
car to the designated mark (2 above), allow the oil to cool 
to 1 50° F., and drain as in 3 above. Weigh drainings. Total 
consumption can then be calculated. 

10. Check over and service car and repeat the above 
for the next oil. 

11. If desired, fuel consumption can be recorded for 
each test. Draining the fuel tank at the start and finish for 
each test is more desirable than filling it full at the start 
and finish, due to the possibility of trapping air in one end 
of the tank in the full-tank method. {Note. If the car has 
an oil filter, it is desirable to remove it and by-pass the 
connexions for these tests, since usually it is impossible 
to drain the filter and also each test oil becomes partially 
contaminated with the preceding oil used.) 

In running road-tests it is impossible to control road 
and atmospheric conditions. Hence, even though a refer- 
ence oil is run frequently, there still exists variables to give 
erratic results. These may be largely overcome by running 
tests in pairs of cars, one car on the reference oil while the 
other is on a test oil, and reversing the oils in the cars at 
the end of each test. It should be pointed out that when 
running cars in pairs, the cars should not run close together 
on the road: at least 10 minutes should separate them. 
If run too close, the driver of the second car is under 
strain to ‘keep-up’ with the leader and does not drive 
normally. 

For those laboratories having rear-wheel dynamometer 
facilities, tests combining the good features of both the 
road test and the controlled torque-stand tests can be 
planned from considerations of the above sections {d) 
and {b), 

(c) Dry-sump Oil-consumption Tests. 

For the well-equipped laboratory the method of test 
to be described in this section probably offers the best 
possibilities of examining the various factors which affect 
oil consumption. Operating an engine with a dry sump is 
not a new test method, in fact most aviation air-cooled 
engines normally run dry sump. But it has only been in 
recent years that the possibilities of adapting this type of 
operation to the study of the factors affecting oil con- 
sumption have been recognized. 

Stewart and Risk published a preliminary report of their 
investigations of factors influencing oil consumption, using 
a dry-sump test set-up. Work on a similar set-up at the 
laboratories of the Standard Oil Development Company 
has shown that the possibilities and limitations of this type 
of test are as follows: 
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1. It offers a good method of determination of oil 
consumption as affected by 


Engine conditions 
Engine speed 
Engine load 
Oil temperature 
Cooling water temp. 
Rate of oil flow 
Oil pressure 
Engine clearances 


Physical oil characteristics 
Viscosity 
Viscosity index 
Gravity 
Boiling range 
Flash-point 
Volatility 
Crude source 


2. The relative oil consumption of at least four different 
lubricants may be determined in one day ’s operation. 

3. The tests are of short duration, so that mechanical 
changes in the engine from test to test do not seriously 
affect the results. Also, being of short duration, it is 
possible to run frequent reference oil tests without unduly 
increasing the costs. 

4. The cost per test is low and the time required is not 
a serious drawback in planning an extensive series of tests. 

5. It is possible to drain, flush, and change from one oil 
to another and back again without the necessity of stopping 
the engine or changing any of the conditions of operation. 

6. Service consumption results cannot be predicted from 
these tests alone. An oil may show good consumption 
characteristics in this test and poor consumption in service 
due to chemical instability. If the oil sludges badly or 
causes piston-ring sticking, these will not be indicated in 
a short test but would seriously affect the long-time con- 
sumption results with that oil. 

7. In a short test oil dilution from the fuel may give 
erroneous results. To overcome this it is advisable to 
use a very volatile fuel set to run with a lean mixture and 
at moderately high-engine temperature. If available, it is 
preferable to use a gaseous fuel to eliminate dilution. 

8. Oil pressure, oil-flow rate, and oil temperature can 
be controlled independently of engine speed and load. 

9. Results must be interpreted with due respect to the 
fact that the initial consumption may be due to the loss 
of low-boiling fractions. 

It is apparent from the above that while this test of 
itself may not give a true index of the oil-consumption 
qualities of a lubricant, it is a valuable tool in establishing 
the effect of physical factors on oil consumption and if 
coincidental tests arc run for chemical stability, the com- 
bination of the two tells a fairly reliable story in so far as 
predicting ultimate service performance. 

Fig. 2 is a photograph of such a dry-sump installation. 
The engine must be selected, or slightly rebuilt, to ensure 
that all oil draining into the crankcase runs freely down to 
the crankcase outlet. At the outlet the oil is picked up 
by a scavenging pump, separately driven by an electric 
motor, and delivered to the oil container on one of the 
end pair of scales. These scales can be read to 1/1,000 lb. 
and are equipped with suitable dashpots. The containers 
on the scale are provided with steam coils and electric 
heaters suspended in the oil to control oil temperature. 
A delivery pump, separately driven by a variable speed 
electric motor, picks up oil from the container on the 
scales and delivers it via the distributing oil line to the 
engine. In the delivery line to the engine are a calibrated 
Venturi meter for measuring rate of oil flow and a pressure 
gauge. The pressure-relief valve is removed from the engine, 
so that all oil delivered to the engine oil-line flows to the 
bearings and is not by-passed to the crankcase. 

In operation the engine is first brought up to the desired 
load, speed, and temperature, after which the oil system 


is adjusted to the requisite temperature, pressure, and 
flow rate. Readings on the oil-weight scale are then read 
at 5-minute intervals over a period of 1 hour, and plotted 
on time-weight coordinates. The slope of the readings 
gives the rate of oil consumption. Typical consumption 
results from such a test are shown in Fig. 3. 



TIME -MINUTES. 

Fig. 3. 

To change to another oil the lubricant is first pre- 
heated to the desired temperature in the container on the 
second of the two scales. Oil from the engine is then 
directed into one side of the middle container which is 
partitioned into two halves. When the original container 
is almost empty, the valve from the other half of the middle 
container is cut in and the engine flushed. The engine is 
then again drained into the first section of the middle con- 
tainer and finally swung over on to the next test oil. The 
flushing is, of course, done with the oil to be tested next. 
A four- way valve on the lines from the three containers 
to the engine, and a swivel pipe above the containers to 
direct oil from the engine into any of the three, makes the 
above change-over a simple matter and accomplishable 
without stopping the engine. 

IL Sludging and Oxidation 

Without any doubt the word ‘sludge’ has become the 
most loosely used word in the vocabulary of those members 
of the petroleum and automotive fraternities who are con- 
cerned with performance characteristics of lubricants. It 
has been used to describe any and all irregularities in the 
appearance of an engine outside of the combustion cham- 
ber proper, as well as the visual appearance and con- 
sistency of the used oil drained from an engine. Actually 
the precise definition of sludge is of little importance. 
Whether or not a deposit of material in the crankcase is 
sludge in the technical interpretation of the term, or simply 
a mixture of oil and carbon particles, the reputation of the 
oil used suffers equally in the eyes of the owner or operator 
or mechanic, since his judgement must necessarily be guided 
by appearance alone. 

Broadly speaking, therefore, we can define sludge forma- 
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tion as being one of, or a combination of two or more of, 
the following: 

(a) The accumulation of solid carbonaceous material 
in the bottom of the crankcase. This material resembles 
‘coffee grounds’ and may include varying amounts of a 
somewhat thick asphaltic material. 

(b) The accumulation in various parts of the engine, 
particularly in valve chambers, flywheel housings, rocker- 
arm covers, oil screen, and crankcase, of a semi-solid 
material of smooth texture resembling black cold cream. 

(c) The suspension in the oil of minute solid particles 
of oxidized material which gradually thicken the oil and 
centrifuge out in hollow shafts and bearings, and, in 
extreme cases, clog the oil lines. The particles settle out 
of some oils on standing and in others stay almost entirely 
suspended in the oil. 

(d) Caking on the undersides of pistons, crank-throws, 
connecting-rods, and sundry other parts with a carbona- 
ceous material closely resembling the carbon accumulation 
in the combustion chamber. 

(e) The accumulation of deposits in the piston-ring 
grooves in the piston oil-ring slits and ring-groove drain- 
holes. 

There are many theories which have been advanced to 
explain why lubricants sludge and many oils have been 
marketed claiming non-sludging characteristics. The truth 
of the matter is that while some oils are undoubtedly 
vastly superior to others, the exact reason for their being 
so is not yet clearly understood despite the many theories 
advanced. It still remains a matter of testing the finished 
products in actual engines and in service before it can 
definitely be stated that a given lubricant has superior non- 
sludging characteristics. There is as yet no widely accepted 
laboratory test which can be employed to precisely predict 
this quality of a lubricant. Blow-by past the piston-rings 
may include products of incomplete combustion which are 
good emulsifiers. These emulsifying maierials may, even 
with good lubricants, overshadow degradation products 
of oil, particularly in cold weather. 

The ‘cold cream’ or emulsion type of sludge is not 
generally regarded seriously by the petroleum technologist, 
since water must be present, along with solid material in 
the oil, to produce this type of sludge. Furthermore, it is 
rare that accumulations of this type even in relatively large 
quantities result in damage to the engine. Only occasionally 
will the emulsion collect on the wire screen at the pump 
inlet and, if the mesh is small, ultimately stop the flow of 
oil. This type of emulsion sludge may be serious in cold 
weather where the moisture particles freeze into small ice 
crystals and clog the oil screen within a few minutes after 
starting. The water may accumulate in consequence of 
a leaky cylinder-head gasket, a cracked casting, or, what is 
usually the case, a badly worn engine which permits com- 
bustion products of high moisture content (10-12%) to 
leak past piston-rings or exhaust-valve guides. When these 
products come in contact with surfaces at a temperature 
below about 130® F., moisture will condense. Conse- 
quently, the common emulsion sludge cannot be entirely 
overcome in a worn engine operating at relatively low 
temperature even with the best of lubricants. 

Engine tests for sludging characteristics of lubricants 
are difficult to conduct successfully. Probably no engine 
test gives more difficulty than one aimed at evaluating 
the sludging characteristics of an oil. That some oils 
sludge more than others in service cannot be questioned. 
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but it is a most difficult task to reproduce this in the 
laboratory. Experience has indicated that such tests may 
best be carried out in a heavy-duty engine, preferably 
overhead valve design, operated in cycles approximating 
to the service encountered in the field. This cyclic operation 
is much more effective than continuous steady load and 
speed running, since the alternate heating and cooling 
apparently has a marked effect on sludge formation. 
Road tests of individual cars, and fleet tests, even though 
under controlled conditions, are not recommended, due to 
the length of time required to obtain results. In the final 
analysis, however, service tests should be run before placing 
the final stamp of approval on a product. 

There is considerable leeway in the selection of equip- 
ment and test technique desired for running engine-sludge 
tests in the laboratory. The following procedure is recom- 
mended on the strength of having given good results over 
an extended period of time. 

1. Test Equipment. Engine — preferably a heavy-duty 
valve-in-head engine. Reliability and ruggedness are 
essential if a long programme is contemplated. The engine 
fan should be connected so as to direct cool air over the 
engine, particularly for cooling valve covers, carburet- 
tors, &c. 

Carburettor control — an automatic system of cams, 
relays, timer, and solenoid may be provided periodically to 
open and close the throttle to give the desired cyclic 
operation. It is also desirable to provide an electric heater 
for the carburettor air with thermostatic control. 

The remainder of the test equipment is substantially 
that outlined previously for conducting laboratory oil- 
consumption tests. 

2. Operating Conditions. 

Engine speeds, 400 (idle) to governed speed (say 

2,000 r.p.m.). 

Engine loads, idle to | full torque. 

Oil temperature, 200-220® F. 

Water temperature, 180-190° F. 

Carburettor and spark, factory recommended settings. 

Carburettor air inlet, 100° F, 

3. Test Technique (assume clean engine ready to start 
test). 

(a) In charging the oil to the engine it is desirable to 
follow the procedure outlined under the laboratory test 
for oil consumption so that an accurate record of con- 
sumption may be made. 

(b) Start engine and adjust all controls to desired values. 
Let engine run for a period of 75-100 hours. 

(c) Samples of crankcase oil should be obtained ap- 
proximately every 10 hours for analysis. Samples should 
not be taken immediately after adding make-up oil. 
Make-up should be added when crankcase level drops to 
the f full mark or at definite time intervals. 

(d) At the end of the test proceed as follows : 

1. Drain oil and submit to analytical laboratory for 
complete inspection. 

2. Take engine completely apart, including pistons, 
rings, and valves. 

3. Carefully inspect each individual valve, piston, piston- 
ring, bearing, cylinder, combustion chamber, valve cham- 
ber, crankcase, oil screen, crankshaft, &c. Each part 
examined may be given a numerical rating (the 0-10 basis 
is satisfactory) by an experienced man, and a composite 
numerical value of general engine condition determined. 
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Special emphasis can be given certain parts as desired. 
Fig. 4 is a suggested engine inspection sheet which has 
been found to be very convenient for checking off the 
condition of the individual parts being inspected. Numeri- 
cal ratings can be established on any desired basis. In 
addition a short summary of any unusual conditions noted 
should be included. 

4. Remove carbon for weighing. It is desirable to keep 
piston top, cylinder surface, and cylinder-head carbons 
separately for correlation against surface temperature. In 
other words, this test may be used as part of any carbon 
accumulation programme. 

5. Remove deposits in and around piston-rings and 
grooves for weighing and analysis. 

6. Remove any accumulated crankcase-sludge deposits 
for analysis. 

7. Carefully clean all engine parts, not omitting under- 
sides of pistons and crankshaft, and reassemble. Grind 
valves. Check bearings, rings, &c., for broken or defective 
parts before reassembling. Use new spark plugs on each 
test. 

8. Thoroughly spray all parts with kerosine or similar 
material. Follow this by spraying with the next oil to be 
tested. 

9. Reassemble for next test. 

In conducting these experiments it is necessary to adopt 
the ‘reference oil’ method described in the introductory 
paragraphs, and to make the comparisons between lubri- 
cants with respect to the results on the periodic reference 
oil tests. 

Ring Sticking. 

The problem of piston-ring sticking is essentially one 
encountered at high-operating temperatures, and for this 
reason is most prevalent in high-duty aviation engines and 
occasionally in heavy-duty bus and truck operation. It is 
not uncommon in Diesel-engine operation but is rarely 
found in Otto-cycle marine engines and low-compression 
automobile engines. It is particularly serious in aviation 
service, since under severe service, when a piston-ring sticks, 
blow-by occurs and as a result the piston itself frequently 
bums out, resulting in a forced landing. Consequently 
the rapid strides made in specific output of aviation engines 
in recent years has greatly increased the necessity for 
lubricants of outstanding ability to minimize piston-ring 
sticking, and at present this question of ring sticking is 
without doubt the most important single lubricating 
problem affecting the future development of the aviation 
engine. Moreover, higher output automobile engines and 
the high output, high-speed Diesel engines are also offering 
a problem in preventing ring sticking which will be of 
increasing importance as specific output increases. 

As in the case of sludge formation, ring sticking is 
difficult to determine by any of the known laboratory tests, 
and again engine tests must be used in the final analysis. 
For this work it has been found that single-cylinder 
engines operating at high temperature offer the best type 
of test for ring sticking, since such tests arc fairly economi- 
cal to conduct and, if properly run, are reproducible. 


nr. Low-temperature Performance 

The performance of lubricants in winter weather is 
becoming increasingly important each ywr. Highway 
facilities for keeping roads open in the worst of winter 


weather has greatly increased the passenger car, bus, and 
truck operation in cold weather. Commercial air lines 
now operate the year round. Industrial and agricultural 
tractors arc rapidly increasing in number and face a prob- 
lem in cold-weather starting. The recent trend of the 
railroads to increase their automotive equipment will bring 
them problems in cold-weather operation. Perhaps no 
better evidence of the importance of the cold-weather 
performance of lubricants can be presented than to point 
out the unusual activity of the American Automotive 
Engineering societies in sponsoring the special classification 
and designation of oils for low temperature use. 

There are two major problems involved in the low- 
temperature performance of lubricants in engines, namely, 
cold starting and oil pumping. The cold-starting problem 
involves the two considerations of power or torque required 
to crank the engine with different lubricants and the wear 
which occurs during the cold-starting operation. Oil 
pumping involves the determination of the lowest tempera- 
ture at which various lubricants may be pumped to the 
working parts of the engine and the quantity pumped at 
different temperatures. 

The laws governing the torque required to crank engines 
as a function of viscosity, and the pumping characteristics 
of lubricants as a function of viscosity and pour-point, are 
so well recognized as a result of investigations carried out 
during the past few years that great detail is not warranted 
in describing methods of conducting such tests. The 
attached bibliography lists several references covering 
these phases of lubricant performance. However, the 
necessity of investigating some closely related problem 
frequently arises, and for this reason the general technique 
is given l^Iow. Such related problems might include wear 
and torques for various bearing materials, pistons, and 
cylinders; the effect of various compounding materials in 
the oil and the like. 

Cold-starting Tests 

These may be divided into two types, the dynamometer 
test and the car test. The dynamometer test is particularly 
well suited to tests involving torque measurements, and 
the car tests are advisable for determining maximum 
permissible viscosity for starting various cars as dependent 
upon engine, starting equipment, battery condition, &c. 

(a) Dynamometer Tests. The engine may be ‘ cranked ’ by 
a dynamometer and torques determined at various speeds 
from ‘breakaway’ to say 150 r.p.m.; or a constant speed 
electric motor may be used to drive the engine at some 
constant speed (preferably about 40 r.p.m., which is near 
the limiting lower speed which will permit starting a car) 
through a suitable gear-box, and torque requirements 
determined either electrically by meters on the power line, 
or by cradling the motor and gear-box and recording the 
reaction torque. The dynamometer is the more common 
method used, and the following technique is recommended: 

(1) Warm up the engine on the test oil until the crank- 
case temperature reaches 150° F. and the water-jacket 
temperature 165° F. These are average winter-operating 
temperatures. 

(2) Shut off the fuel supply and let carburettor run dry. 
Some investigators prefer to have a charge of preheat^ 
oil ready at this point, and drain the crankcase to remove 
possible dilution, replacing with the heated oil. Then the 
engine is motored over (with dry carburettor) by the 
dynamometer to get this fresh oil well distributed through- 
out the engine. 
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Fig. 4. Suggested engine inspection sheet. 
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(3) Allow engine to cool to the desired temperature and 
remain at this temperature for at least 2 hours to ‘soak’. 
Thermocouples or thermometers in the crankcase at two 
or three locations and in the water-jackets should all check 
within one degree before starting the actual test. A con- 
stant-temperature cold room is a prerequisite for this type 
of test. 

(4) Determine ‘breakaway’ torque either by gradually 
increasing dynamometer torque or by a supplementary 
dead-weight system using a pulley and shot bucket on 
the shaft. 

(5) Slowly increase speed in small increments and record 
torque at each step until a speed of 150 r.p.m. is reached. 
This entire procedure should not exceed 10 minutes, since 
work is being done during the motoring operation and 
this heats up the oil. 

(6) Start engine firing and again warm up to conditions 
enumerated in (1). Follow the above steps for the next 
succeeding test. 

It has been found that various temperatures may be 
investigated on one oil without the necessity of warming 
up between runs, and with extremely little variation in the 
torque required by the two methods. If wear measurements 
for a series of starts are desired, then the warming-up step 
should by all means be included, since cold-starting wear 
occurs during the warm-up period as well as during the 
starting operation proper. 

(6) Car Tests. Although a great deal is known about the 
general problem of starting car engines in cold weather, 
the continued improvement in starting-system design, the 
introduction of new piston, cylinder, and bearing materials, 
improvements in piston-rings, improvement in carburettors, 
and improved fuels and lubricants all tend to make this a 
continually changing problem. Since it is changing it will 
necessarily be a subject of study for some time to come. 

The test technique is relatively simple although there are 
a few points of considerable importance to be kept in mind 
in conducting the tests. The first is the battery. For truly 
comparative results the battery must be in the same condi- 
tion for each test. Since the drain on the battery is high 
during low-temperature cranking and consequently its 
charge life rapidly diminishing, it is advisable to have 
available several identical (and preferably new) batteries 
with outside connexions to permit of changing batteries 
for each test. Between tests the used batteries should be 
recharged to a given specific gravity of the electrolyte. 
Extreme care must be exercised to ensure that during a test 
the connexions are all clean and tight and the outside leads 
must be of ample size to guarantee a low-resistance drop. 
Also since most batteries are well insulated thermally, it 
is necessary to keep the battery to be used on a given test 
at the test temperature for several hours prior to use. This 
is of considerable importance, due to the change in battery 
eflSciency with temperature. Naturally a starting test 
should include the battery, inasmuch as its output largely 
determines the cranking speed under a given set of condi- 
tions. For best results a single battery should not be used 
more than a total of one minute at low temperature without 
recharging. 

Next is the measuring of cranking speed. While revolu- 
tion counters may be connected, this is usually difficult due 
to the fact that cars vary so widely in design. The easiest 
method is to remove the distributor cap and watch the 
rotor. By using a stop-watch and recording the time for a 
few complete revolutions when the starter button is de- 
pressed, the cranking speed may be calculated gather closely. 


The actual testing should probably best be done in two 
separate steps. The first is to determine the lowest crantog 
speed which will permit the given car to start. This is a 
matter of lifting fuel from the carburettor and delivering it 
to the cylinders. To minimize the effect of fuel character- 
istics this speed might best be obtained at relatively hi^ 
temperatures. To accomplish this oils of increasing vis- 
cosity should be run at say 25° F. until the cranking speed 
at that temperature is reduced to a point where, with the 
normal procedure of choking and throttle manipulation, 
it is impossible to start the engine. A suggested procedure 
for the above is as follows: 

(a) Make sure electrical system and carburettor system 
are in perfect condition. Particularly make sure that the 
choke or strangler operates properly and neither refuses 
to close fully when applied nor open fully when released. 

(b) Drain, flush, and charge crankcase with the oil to 
be used. 

(c) Warm up engine. Do not run longer than necessary 
so that oil will not become diluted with fuel. 

(d) Shut off fuel (valve in lino) and drain carburettor, 

(e) Cool test room to desired (25° F.) temperature and 
allow to ‘soak’ for a minimum of 3 hours. 

(/) Remove distributor cap and determine cranking 
speed as outlined above. 

(g) Replace cap and turn on fuel. 

(//) Attempt to start car. 

(i) Repeat with oils of increasing viscosity until cranking 
speed is so low that starting cannot be attained. 

This minimum cranking speed is essentially constant 
for a given fuel system. Since the actual cranking speed 
varies with battery efficiency, oil viscosity, and engine- 
design features, it now becomes necessary to determine 
the limiting oil viscosity to give the required minimum 
speed at various temperatures. To attain these data the 
following additional procedure is recommended : 

(fl) Follow above steps a-/ for the first oil to be tested, 
preferably a fairly viscous oil (S.A.E. 30 grade). 

(b) Lower temperature in 10° F. steps and determine 
cranking speed for each temperature until the cranking 
speed falls below the required minimum. 

(c) Repeat the above two steps for oils of S.A.E. 20, 
20- W, and 10-W grade. If desired, predilute with kcrosine 
to a known viscosity. 

(c) Oil Pumping. The pumping characteristics of an oil 
are, surprisingly enough, rather difficult to measure. This 
may be realized from consideration of the following items: 

(a) In an actual engine the use of the choke during 
starting and warming up may cause so much liquid fuel to 
reach the crankcase that the oil pump may actually be 
delivering to the bearings during the first few minutes of 
operation a heavily diluted mixture of oil and fuel. 

(b) Engines which have excessive blow-by, even though 
liquid fuel may not reach the crankcase in excessive 
amounts, may heat up the oil very quickly and permit 
even a ‘solid* oil to pump in a relatively short period. 

(c) Oil pressure is not indicative of the oil flow, since for 
a given pressure the relative amount reaching the bearings 
and being bypassed at the pressure-relief valve is indeter- 
minate. Tight bearings will increase the bypass quantity, 
and loose bearings will do the opposite. One loose bearing 
may result in the remainder being starved. 

A simulated bench test, involving a crankcase and pump 
(externally driven) and an oil-delivery line with restricted 
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outlets corresponding to the bearings offers the best possi- 
bilities of investigating pumping characteristics. Cooling 
can be attained by a suitable dry ice and alcohol bath sur- 
rounding the crankcase. Even this arrangement cannot 
be operated on a continuous circulating basis, since at low 
temperatures the heat transfer is poor and the main body 
of the oil is not agitated, resulting in wide-temperature 
differentials between the sump and the pump lines. Also 
the pump work tends to heat up the oil rapidly. 

However, by allowing the entire system to reach succes- 
sively lower equilibrium temperatures and at each tempera- 
ture to start the pump for a period sufficiently long to 
measure pressures and oil delivery to the line outlets, and 
to observe channelling or cavitation at the pump, con- 
siderable useful information on lubricants can be obtained 
and the effect of pump design, screen size, and the like 
may be studied. 

IV. Carbon Formation 

It has been previously stated that the average motorist 
measures oil quality largely on a basis of oil consumption. 
Ten years ago this was not the case, since average driving 
speeds were appreciably lower and high oil-consumption 
was not as prevalent. In those earlier days an oil was more 
apt to be judged by the frequency with which a ‘valve 
and carbon’ job was required, and while it was true that 
the valve materials were primarily responsible for the 
frequency of such maintainance, at the same time it offered 
relatively frequent opportunities to observe the amount 
of carbon which had accumulated, and as a result oils 
were judged by the amount of carbon formed. To-day 
valve materials have so greatly improved that frequently 
passenger cars operate practically their entire life without 
the necessity of grinding valves. In the same interim, 
compression pressures have increased markedly. These 
developments have necessitated better oils in so far as 
carbon formation is concerned for two reasons. First, 
the carbon is removed less frequently due to longer valve 
life and it does not accumulate in large quantities over 
long distances. Second, carbon deposits will increase the 
tendency to detonate. As a matter of fact, the driver of 
to-day usually is aware of carbon in the engine only by 
the increased tendency to detonate, and the oils are 
frequently judged by the distance which can be travelled 
before the spark must be retarded to eliminate knock, or 
a change to a higher octane number fuel is required. So 
while consumption has superseded carbon-forming ten- 
dency as the nominal yardstick forjudging oils, at the same 
time the tendency of oils to form carbon are readily 
observed and is still a matter of serious importance, 
particularly in cases where oil consumption is high and 
carbon deposition correspondingly great. 

If there exists a set of laws governing the carbon-forming 
characteristics of lubricants, then it can be stated that 
either these laws are not yet well understood or that the 
number of variables entering into the question of carbon 
formation are too complicated to permit establishing 
a definite rational method of predicting the results. For 
one thing, the particular fuels used by two consumers 
having the same brand lubricant in the same kind of 
equipment and running under the same operating condi- 
tions may result in carbon formation differing several fold 
in quantity and in the nature of the deposit. This factor 
has not been well recognized in the past and is only partially 
understood at present. Fuel volatility, anti-knock value 
in relation to the engine requirements, and the use of 
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blended (benzol, alcohol, &c.) fuels play important roles. 
There are fuels on the market containing oils which in 
some cases increase carbon formation while others of more 
merit effectively diminish the accumulation of hard ad- 
hesive carbon deposits. It is obvious that the same fuel 
must be used in all tests. 

The actual testing in engines to determine the carbon- 
forming tendencies of lubricants thus presents a difficult 
problem. If conducted under one set of conditions, the 
results obtained may be entirely misleading for another 
set of conditions, and service results may disagree with 
both. Nevertheless, such tests are of considerable value 
since in general relative results obtained under similar 
conditions are usually indicative of relative service per- 
formance regardless of the many exceptions. 

Since this problem is so involved, no definite recom- 
mendations can be made which will ensure positive 
comparative results. The following suggestions are offered 
simply as a guide for those interested in seeking additional 
engine-test data on this problem: 

1. Use a normal fuel approximating in its characteristics 
to the fuel which will be used by the average consumer of 
the particular oils to be studied. 

2. Select operating conditions conducive to high carbon 
formation. This obtains on most engines at part load and 
moderate engine speed. 

3. Operate on a cyclic basis including periodic full 
throttle and/or high speed. An oil which forms large 
quantities of carbon at light load should not be unduly 
penalized since this carbon may fluff or burn off under 
more severe operation. Cyclic operation will tend to 
give more nearly representative results. 

4. Use a fixed reference oil every three or four tests to 
establish the change in rate of carbon formation as the 
engine wears and as the piston-ring seal changes. It may 
be desirable every eight or ten runs to remove pistons for 
cleaning ring grooves and instal new rings. Reference oil 
runs should precede and follow any such step. 

5. Carbon accumulations should be collected for each 
cylinder separately and considered as a separate test. 
Deposits should be weighed as collected and again after 
drying or removal of excess oil. It may be desirable to keep 
piston-crown carbon distinct from the accumulation in 
the remainder of the combustion chamber as an index of 
the effect of surface temperature. 

6. The effect of oil viscosity on carbon may be mis- 
leading unless the amount of oil pumped and the ratio 
of bypass to pump-delivery quantities is taken into con- 
sideration. A special set-up involving flow meters and 
possibly dry-sump operation may be necessary to go into 
this refinement. 

7. Some oils form carbon at different rates although the 
final amount may be the same on an extended test. 

8. For a complete investigation the effect of fuel, load, 
speed, engine temperature, materials of construction, oil- 
flow rate to engine, ignition timing, humidity, mixture 
ratio, &c., should not be overlooked. 

9. The age of the oil in the crankcase may affect carbon 
formation. It may be desirable to run new oil and used 
oil in clean engines to determine the results for the cus- 
tomer who changes oil frequently compared to the user who 
runs long periods between drainings. 

10. Chemical analysis of carbon deposits are essential 
for a strictly research type of investigation. Certain fuels 
form heavier deposits than others and a large portion of 
such deposits are not carbon or hydrocarbons. 
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11. It will be essential in most cases to determine oil 
consumption accurately on all carbon accumulation tests. 
The length of test must be a compromise between that 
necessary to obtain measurable and accurate oil consump- 
tion and that for obtaining near equilibrium carbon 
accumulation. The equivalent of 2,000 miles driving is 
recommended. 

V. Wear 

Engineers are divided in their opinion regarding both 
the seriousness of engine wear, particularly cylinder and 
cylinder-liner wear, and the causes thereof. Service results 
are inconsistent and in cases of excessive wear it is usually 
difficult to ascertain the exact reason. As an example, a 
1934 eight-cylinder car in the lower-price class recently 
completed a road test in normal every-day service with 
an average cylinder wear of 0*0008 in. in 32,000 miles. In 
contrast to this, another eight-cylinder car, 1931 model, 
running on the same brands of fuel and lubricant, covered 
approximately 20,000 miles in 4 years and required a major 
overhaul due to excessive wear. The difference may 
probably be attributed to improvement in cylinder metals 
and cylinder-finishing methods in the more recent models; 
the longer period of time, and probable lower operating 
temperature causing more corrosive action in the latter 
case; plus variations in miles run per crankcase draining, 
engine-operating temperature, average-load factor, and 
the like. Taxicabs and house-to-house delivery cars usually 
show higher wear than cars operating at high-load factors. 
Tractor engines in dusty agricultural service have been 
known to wear out in less than two-weeks’ operation when 
not equipped with adequate air filters, yet railcar engines 
frequently run over 100,000 miles without excessive wear. 
Sulphur has been blamed for excessive wear, yet for 
years many West Coast gasolines of unusually high 
sulphur-content have been used in all kinds of climates 
and temperatures without observing any unusual wear. 
Obviously, a great deal is still to be learned regarding the 
factors affecting wear in actual service. 

We are just now reaching a point where it seems probable 
that wear in the generally accepted interpretation of the 
term is more a matter of chemical activity and corrosion 
than it is of mechanical abrasion and the role of the 
lubricant as such may be of secondary rather than primary 
importance. Just how far the physical and chemical pro- 
perties of lubricants can counteract the corrosive wear 
action must yet be determined. The contributions of 
Ricardo and of the Institute of Automobile Engineers 
on cylinder wear are outstanding among the more recent 
published work on this important problem. For the 
reader interested in conducting experiments on wear, the 
technique and general method of attack employed by 


the I.A.E. Committee should be of invaluable assistance. 
(See Bibliography.) 

For slow-speed engines the method of collecting the oil 
from the cylinder walls for extraction of metals offers an 
excellent means of determining wear and studying the 
various factors entering into its quantitative significance. 
This method has been adapted to high-speed automobile 
engmes by Professor Everett of the experimental station 
at Pennsylvania State University, State College, Penn., 
with considerable success. Although the exact method and 
results have not yet been published, the preliminary data 
obtained indicate that the method should be valuable in this 
type of research. 

For the casual investigator and the equipment operator 
who desires to know the amount of wear occurring, the 
relatively simple measurement of piston-ring wear may 
suffice as an index of general cylinder-wall wear. Cylinder 
wear itself is not always easy of determination. Except 
in special cases such as in certain marine service where 
low-engine temperatures accelerate wear, or in indus- 
trial and farm-tractor equipment where dust may cause 
rapid wear, the time required to produce a measurable 
amount of wear is too great to be of value in a research 
investigation. 

When using piston-ring wear as an index of cylinder- 
wall wear, two methods may be used. The first involves 
weighing the rings on a chemical balance before and after 
a test, the loss of weight being a measure of the resulting 
wear. The second method is usually more adaptable to 
the average case. It requires machining a i-in. bore in a 
block of steel to the exact size of the original cylinder bore. 
By slipping each ring into this block and measuring the 
end clearance with feeler gauges, the increase in ring-gap 
clearance is determined for each test. Care must be used 
to ensure that the parts are always at the same temperature 
when measurements are made. It should be pointed out 
that piston-ring wear is not definitely indicative of wear 
on other parts of an engine. 

While there exist many excellent tools for measuring 
the size of parts— particularly the bore of cylinders— in all 
likelihood a skilled mechanic with an ordinary set of 
micrometers and thickness gauges is still the most satis- 
factory means of obtaining accurate measurements. 

In conclusion, the authors wish to emphasize that the 
foregoing material has been submitted more in the nature 
of suggestions than as fixed and rigid rules to be followed. 
Space has limited us to only the essential details. It is 
hoped that the suggestions made will stimulate interest 
and thought on the various topics covered and that the 
ultimate result will be a worthwhile improvement in the 
work of the varied industries and individuals engaged in 
this endeavour. 
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Introduction 

Of all the properties of a lubricating oil that may be deter- 
mined in a chemical laboratory, the only one directly 
related to the performance of the oil in an internal-com- 
bustion engine is the viscosity-temperature curve. Starting- 
torque, engine friction, and rate of oil circulation and 
consumption are all affected to a greater or less extent by 
the viscosity of the lubricant at the relevant temperatures. 
On the other hand, the remainder of the tests which are 
commonly applied to the examination of unused motor 
oils afford either indirect or negative information in regard 
to the performance of lubricants. 

In addition to viscosity measurements, the tests applied 
to unused lubricating oils may be classified as follows: 

(a) Tests for contaminants and undesirable substances 
such as water, dirt, and acidity. 

(b) Examination for the presence of fatty oils and dopes. 

(c) Identification tests which may give some indication 
of the origin of an oil. Such tests include specific 
gravity, flash-point, and other physical and chemical 
determinations. 

(d) Tests which are intended to provide information on 
the performance of oils. 

Some of the tests in the latter category, such as those 
for volatility, oxidation-stability, and carbon residue, may, 
when cautiously interpreted, afford a useful insight into the 
relative performance of oils. On the other hand, attempts 
to deduce too much from them may lead to erroneous 
conclusions. For example, the frequent assumption that 
low stability towards oxidation (as determined by an arbi- 
trary oxidation test) necessarily implies a high rate of 
sludge formation in a crankcase oil is not supported by 
engine results. The explanation of the lack of concordance 
between laboratory results and engine tests is that the 
former are obtained by methods which, up to the present, 
have not succeeded in reproducing the complex conditions 
of oxidation, cracking, and evaporation to which a lubri- 
cating oil is submitted in the engine. Thus, oxidation tests 
[52, 1934; 66, 1928] which are commonly carried out at 
temperatures in the neighbourhood of 200° C. cannot be 
expected to produce the same effects in an oil as the treat- 
ment which it undergoes in use, a treatment which includes 
low-temperature oxidation in the crankcase at one extreme 
and exposure to flame temperatures in the combustion 
space at the other. When it is recalled that high oxidation 
stability in an oil is frequently accompanied by relatively 
low resistance to cracking conditions at high temperatures, 
it is not surprising that a simple oxidation treatment pro- 
duces effects very dissimilar to those observed in the engine. 

To the difficulty of reproducing in the laboratory the 
conditions under which oils are decomposed in the engine 
is added the problem of evaluating the changes brought 
about by heat and oxidation. These considerations lead to 
the question of testing used oils, a subject which must be 
dealt with before that of oxidation tests is further discussed. 

The examination of used oils in the laboratory is a matter 
in which relatively little standardization has been achieved, 
as is shown by the fact that the standard methods of 


the I.P.T. and A.S.T.M. contain only one test specifically 
drawn up for used lubricating oils, viz. that for determining 
fuel dilution in crankcase oils from gasoline engines. The 
tests generally applied to used oils, in addition to the dilu- 
tion test, include viscosity measurements, specific gravity, 
ash determination and analysis, examination for acidity, 
and the application of various precipitation tests, carried 
out by adding definite proportions of such liquids as petro- 
leum ether, benzene, or chloroform. The precipitated solid 
substances obtained from used oils in these tests are re- 
ferred to variously as ‘sediment’ (petroleum ether or benzol 
insoluble), ‘asphaltenes’ (soluble in benzol or chloroform, 
insoluble in petroleum ether), ‘carbon’ (benzol or chloro- 
form insoluble), ‘varnish’ (insoluble in petroleum ether, 
soluble in ethyl alcohol). See, Unused oils give negligible 
precipitates with these solvents. 

The ‘varnish’ or ‘lacquer’ [11, 1930; 13, 1933] content 
of a used oil is provisionally defined as that part of the 
petroleum ether insoluble material which is soluble in ethyl 
alcohol. Varnish is distinguished from wax by the fact that 
it is soluble in cold alcohol. ‘Varnish’ is so sparingly soluble 
in lubricating oil that only minute amounts are found even 
in oils from compression engines in which this type of 
material is most commonly formed owing to defective 
combustion conditions. The substances obtained in the 
remaining precipitation tests are produced by the oxidation 
and heat treatment of the oil during use, with the probable 
inclusion of carbon particles formed on the underside of 
the pistons and a certain amount of ash. The latter may 
be eliminated, as far as large particles are concerned, by 
filtering the used oil through wire gauze before adding the 
precipitant. Alternatively, the total ‘sediment’ obtained 
by addition of, say, petroleum ether, may be extracted with 
a solvent, such as benzol, which dissolves the ‘asphaltenes’ 
and leaves behind the ‘carbon’, i.e. the material of highest 
carbon content. 

Although the actual amounts of material obtained from 
a used oil vary considerably according to the precipitating 
solvent used, there is generally a rough proportionality 
between the ‘sediments’ produced by the various solvents 
from a series of used oils when allowance is made for 
the mineral matter (ash) present. Thus petroleum ether 
almost invariably gives a greater amount of insoluble 
material from a mineral or compounded oil than is found 
when benzol is employed as the precipitating solvent. It is 
perhaps unnecessary to point out that care must be taken 
in sampling a used oil if the ‘sediment’ measured is to be 
representative of the bulk of the oil. 

The various ‘sediment’ tests, as they may be conveniently 
called, are virtually alternative methods of obtaining some 
measure of the relative amounts of solid substances, formed 
by changes in the oils during use, and insoluble in the 
particular solvent used. With the limitation that they take 
no account of soluble substances, the results of sediment 
tests serve as a useful basis for comparing the extent to 
which oils have changed chemically in service. It will, how- 
ever, be shown in the section dealing with sludge that the 
percentage of sediment in a used oil is not necessarily a 
measure of the tendency of an oil to form sludge deposits. 
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to block filters, and to produce a dirty engine. The failure 
of sediment results to indicate oil performance satisfactorily 
is, in part, due to the fact that oils having a pronounced 
tendency to form sediment generally possess a correspond- 
ingly increased solvent action on the sediment. Moreover, 
the examination of actual sludge deposits shows that the 
sediment present is only a proportion of the total mass, 
sometimes as little as 10 or 20% of the whole. It is some- 
times observed that an oil of high stability which produces 
a relatively small amount of sediment in use gives partially 
blocked oil filters more rapidly than a less stable oil, owing 
to the low solubility of the sediment in the oil. Generally 
speaking, the least trouble from sludge deposition is given 
by oils which have the most pronounced tendency to 
remain homogeneous in use. It follows, therefore, that to 
attempt to estimate the sludge in a used oil by adding 
precipitating materials which change the solvent properties 
of the oil is wrong in principle. 

To return to the question of oxidation tests on unused 
oils, it follows, from what has been said concerning the 
difficulty of testing used oils, that the assessment of the 
results of oxidation tests, which almost inevitably fail to 
reproduce the treatment of oils in the engine, is not an easy 
matter. It is possible to devise oxidation tests that will 
grade oils according to the rate at which they form 
asphaltenes in use in a test engine. Since the connexion 
between relative asphaltene production and the perform- 
ance of oils is not known, not much practical information 
is obtained from oxidation tests. 

The most important piece of work on the correlation of 
rate of asphaltene formation in oxidation tests and in a 
standard bench engine is that of Barnard [ 6 , 1934] and his 
colleagues, who found that the rate of asphaltene formation 
in a series of oils oxidized under controlled conditions at 
341° F. was relatively similar to that which took place in 
the engine. These results are of great interest, but it is 
hardly safe to assume without proof, as these authors have 
done, that the asphaltene contents of used or oxidized oils 
are a direct measure of the sludging properties of the oils. 

It will be necessary to revert to the testing of used oils 
when discussing sludge formation and the changes that 
occur in oils during use. 

Engine Test Methods 

It is of the first importance, in making engine tests of 
lubricants, that means are provided to maintain a constant 
rate of oil consumption and the rate must be accurately 
measurable. Because of the need for the control and 
measurement of oil consumption, a single-cylinder engine 
is much to be preferred to a multi-cylinder one. 

The speed of engine rotation is relatively of little im- 
portance, since temperature and time are the supreme 
factors which determine the chemical changes that take 
place, and both temperature and time may generally be 
controlled independently of engine speed. It may be ac- 
cepted that the pressures and velocities to which the lubri- 
cant is exposed in an engine do not, in themselves, effect any 
change in the oil. Engine speed, on the other hand, has 
a very considerable effect on oil consumption, and if, for 
the reason of preserving the life of the engine, it is desirable 
to employ a relatively low rotational speed, it may be 
necessary to increase artificially the rate of oil consumption. 
This may be conveniently accomplished by a jet of oil 
directed upon the connecting-rod or into the mouth of the 
cylinder. The rate of flow at the jet should be controllable 
and measurable so that constant conditions of feed may 


be maintained. A valuable method of measuring oil con- 
sumption continuously in a bench engine has been de- 
scribed by Stewart and Risk [57, 1933]. 

It may sometimes be useful to examine oil that has been 
exposed to the conditions on the cylinder wall but which 
has not become mixed with the more complicated contents 
of the crankcase. For such an experiment a ‘crosshead’ 
type of engine is used. The crosshead may be lubricated 
by oil-throw from the big-end bearings, but care should be 
taken to prevent any but small quantities of oil reaching 
the space above the crosshead. An independent and 
measured quantity of oil is fed to the cylinder through 
holes drilled near the level of the piston rings at bottom 
dead centre. Most of the oil spread in this way upon the 
wall of the cylinder reappears in the crosshead chamber 
and thence is led by piping to a collecting vessel. 

It is seen, in this arrangement, that the rate of oil con- 
sumption may be accurately controlled and measured, and, 
furthermore, the rate at which oil is received by the cylinder 
wall may be exactly observed. 

The duration of each test has generally to be determined 
by preliminary experiment. The time should be as short 
as possible so that the mechanical depreciation, and con- 
sequently the uncontrollable change of conditions from one 
test to the next, shall be as small as possible. The length 
of each test should, however, be sufficient for equilibrium 
to be nearly established in the carbon deposits. This 
requirement involves on many engines a test of at least 
20 hours. 

In a series of tests with different oils, it will usually be 
found necessary to make frequent check tests on the first 
oil to be tested, so that the two errors due, respectively, to 
uncontrolled variations and the progressive change in con- 
ditions due to engine wear may be evaluated. 

Much time and engine wear can be saved by providing 
a heater, independently supplied with energy, in the oil 
reservoir. By this means the temperature of the oil may 
be raised nearly to the stable running temperature before 
each test is commenced. 

In order to shorten the period of each bench test it may, 
in certain cases, be justifiable to increase the severity of 
the temperature conditions well beyond those that would 
occur in service. In the study of the phenomenon of ring- 
sticking, experiments have been made on the test-bed by 
using an air-cooled motor-cycle engine, the temperature 
being controlled by varying the velocity of the cooling air. 
In these tests the temperature conditions may be made very 
severe by running the engine at full throttle and at a high 
speed, and by reducing the wind speed until such a cylinder 
temperature is reached that ring-sticking is produced in 
less than 10 hours of running. Furthermore, by modifying 
the knock-rating of the fuel the effect of detonation may 
be explored. 

It may be said with some justice that oil tests in the 
laboratory cannot reproduce the conditions of actual use 
in, for example, vehicles upon the road. The load and 
speed, and therefore the temperatures and rate of oil con- 
sumption, are constantly varying in an engine used for 
transport purposes, and it is practically impossible to re- 
produce such variable conditions on the test-bed. On the 
other hand, it is quite impossible to make accurately 
repeatable tests on the road and, since only small differ- 
ences in behaviour are generally to be looked for, the need 
of repeatability must be put before anything else. 

Road tests, nevertheless, must be employed in order to 
gain knowledge of the conditions to be reproduced, so far 
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as possible, on the test-bed. Crankcase and cylinder tem- 
peratures, also oil consumption and oil contamination 
(with condensed water and fuel), should be measured for 
typical vehicles and various service conditions. Either the 
average or the maximum road temperatures can easily be 
provided in the bench tests; the oil consumption also may 
be adjusted to represent the average road conditions, and 
both water and fuel, in proportions that have been observed 
in road tests, may be added to the lubricant at regular 
intervals in the course of each laboratory test. 

In the following sections some details will be given of the 
various aspects under which lubricating-oil performance 
has been studied by means of engine tests. It will be seen 
that, with regard to some of the subjects, such as carboniza- 
tion and performance at low temperatures, many of the 
factors and their effects are well known; but on other 
questions, such as the changes which take place in oils in 
use, a great deal remains to be cleared up. 

Carbonization 

The name ‘carbon* is usually applied to the black de- 
posits which form by decomposition of lubricating oil or 
by incomplete burning of the fuel in the combustion space 
of an internal-combustion engine. The deposits may vary 
in consistency from hard and brittle to soft and friable or 
oily material. Hard deposits on the underside of the piston, 
on the valves, and in the piston-ring grooves are usually 
also referred to as carbon. 

Carbon deposits contain varying amounts of ash, derived 
from the dust of the ingoing air and wear of the metal 
surfaces of the engine, together with considerable propor- 
tions of oil which may be extracted by petroleum ether 
[42, 1926; 58, 1930]. The remainder of the deposit contains 
a proportion of the element carbon, but is far from being 
pure carbon in the chemical sense. Most investigators use 
the term ‘carbon’ to mean the complete deposit as it is 
formed in the engine, and it is in this sense that the term 
‘carbon’ will be applied in this article, since it is the deposit 
as a whole which is important in regard to its effect on the 
behaviour of the engine [3, 1931]. Subtraction of the ash 
content, obtained by ignition of the deposit, will not, in 
most cases, make much difference to the weights of carbon 
reported, since the ash is generally not more than 5% of 
the total deposit; but correction for the oily constituents 
by extraction with, say, petroleum ether may make an 
appreciable difference to the reported weights of the carbon 
deposits, since the oil content is affected by the rate of oil 
consumption and may vary from 10 to 30% or more of 
the total deposit. 

In regard to carbonization, engines fall into two classes: 
those in which carbon formation is important, and those 
in which carbon formation is relatively unimportant and 
does not, by itself, seriously affect the performance of the 
engine and make overhaul necessary before valves, pistons, 
and other working parts call for attention. Fortunately, 
most engines belong to the second category and may be 
lubricated with oils of relatively high carbonizing tendency 
without serious impairment of their performance by carbon 
deposits. In the most sensitive engines of the first category 
it is essential to avoid the use of oils of high carbon- 
forming characteristics, since the resulting deposits on the 
pistons and valves necessitate frequent cleaning of the 
engine to maintain its performance. 

The numerous factors which control the formation of 
carbon deposits have been listed by Gruse [24, 1933]. They 
include engine design and condition, the running condi- 


tions, the rate of oil consumption, the properties of the 
lubricant, the air-fuel ratio, the time since cleaning, the 
amount of dust in the air, and the characteristics of the fuel. 
Of these factors, the first four are generally more important 
than the last four. The ‘time since cleaning’ is not of great 
significance except in engines in which running is seriously 
affected by the presence of carbon. There is considerable 
evidence [3, 1931 ; 24, 1933; 14, 1926; 58, 1930] that carbon 
deposits tend to reach an ‘equilibrium’ after 20-50 hours’ 
running, provided that running conditions remain stable, 
the amount of the deposit depending upon the factors 
enumerated above. An engine sensitive to carbonization 
will require cleaning before the full equilibrium amount of 
deposit has been produced, i.e. generally before it has com- 
pleted 20 hours’ running. That the majority of engines will 
perform satisfactorily for much longer periods is a matter 
of observation which is explicable on the notion of a state 
of equilibrium in carbon deposition. 

Insufficient information is available to form a basis for 
generalizations on the effect of engine design on carbon 
formation, but it is known that increasing turbulence of 
the charge sometimes promotes carbon deposition. Engine 
condition is chiefly important in regard to its effect on rate 
of oil consumption, which will be discussed below. Of the 
working conditions, the principal ones affecting carboniza- 
tion are load, temperature, and, less important, detonation. 
In any particular engine the first two normally vary to- 
gether in the same sense. Detonation may, of course, be 
regarded as partly a fuel effect. Generally speaking, carbon 
deposits increase with load and combustion surface tem- 
peratures up to a maximum, and then fall with further 
increase of load [3, 1931]. Detonation appears to reduce 
the amount of carbon formed on the top of the piston, but 
has a tendency to increase the amount of deposit in the top 
piston-ring groove, a part of the engine in which carbon 
deposits are more dangerous than they arc on the piston 
crown. The following results, obtained in a small air- 
cooled single-cylinder engine running at 3,000 r.p.m. and 
full throttle (100 lb. per sq. in. B.M.E.P.), are typical ol 
a large number of similar results. 


Table I 


Duration of lest, hr. 

10 

10 

Cooling wind speed, 



m.p.h. 

62 

46 

Cylinder barrel, tcmp.°C. : 



At top 

230° 

230** 

At middle . 

nr 

175° 

At bottom . 

\52^ 

152° 

Fuel: knock-rating 

47 octane number 
(giving detonation) 

74 octane number 
' (no detonation) 

Fuel consumption, pints 


1 

per hr. . 

4 

4 

Carbon on piston, g. : 

1 i 

1 

Crown and top land . 

0-17 j 

0-40 

Top ring groove . 

0-43 

0-25 

Bottom ring groove 

[ 009 

002 


Approximately the same total amount of carbon was 
obtained in each test, but in the first test, with detonation, 
the greater part of the carbon deposited in the ring grooves. 
The top ring was stuck in this test, whereas it was quite 
free in the non-detonating test. The same lubricant was 
used throughout and the engine was cleaned between each 
run. 

In most engines the rate of oil consumption has an 
important influence on carbonization, and it is generally 
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found that, up to a fairly high rate of consumption, the 
amount of carbon deposited is proportional to the quantity 
of oil consumed [24, 1933; 61, 1931]. A further increase 
in the rate of oil consumption then produces no greater 
amount of carbon and may even reduce the quantity of 
deposit. This is illustrated by the following results of 
20-hour tests in a single-cylinder water-cooled bench engine 
running on the same lubricant under similar conditions 
throughout, except that the rate of oil consumption was 
varied by adjustments to the relief-valve of the pump. 

Table H 


Oil consumption, pints in 20 hr. 

0-92 

141 

2-27 

2-60 

Carbon on piston, crown, g. . 

Carbon on piston, crown, g. per pint 

0-32 ! 

0-54 1 

0-34 

047 

of oil consumed 

0-35 

0-38 

015 

018 


The nature of the lubricating oil has a considerable 
influence on the amount of carbon formed in the com- 
bustion space. Generally speaking, distillates produce 
smaller deposits than residual oils and blends thereof [3, 
1931; 58, 1930; 43, 1927]. Numerous chemical and physi- 
cal tests have been proposed for evaluating the carbon- 
forming tendency of lubricants. Those most frequently 
applied are coking tests of the lype of the Conradson and 
Ramsbottom tests. Some workers find that good correla- 
tion is obtained between coke tests and engine carbon 
deposits [24, 1933; 25, 1931 ; 42, 1926], but the correlation 
invariably breaks down when a wide variety of oils is 
examined [3, 1931; 32, 1933]. The presence of fatty oils 
also tends to upset the relationship between coking tests 
and engine carbons, since the addition of fatty to mineral 
oil usually reduces the coke result and increases the amount 
of carbon in the engine. The failure of coking tests has led 
some investigators to propose a vacuum distillation test 
[3, 1931; 24, 1933; 38, 1929] in which the temperature 
required to distil a high proportion, say 90%, of the oil 
under a pressure of 1-10 mm. mercury is determined. The 
higher the temperature reached in the distillation the 
greater is the carbonizing tendency of the oil. There is no 
doubt that such a lest, which is based on the conception 
that carbon deposits in the engine are largely formed by 
decomposition of the least volatile fractions of the lubri- 
cant, correlates better in some cases with engine results 
than do coke tests. A coking test in the presence of air has 
also been described [51, 1933], in which oil is dropped at 
a controlled rate into a metal chamber through which a 
measured stream of air passes, the whole being maintained 
at a definite temperature between 350'' and 500" C. 

A coke test which reproduces the relative carbonizing 
tendency of all lubricants is probably an unattainable ideal, 
if only for the reason that different types of oil react 
differently to varying engine conditions with regard to 
carbon formation. The types of coke or carbon tests which 
have been mentioned, however, are capable of yielding use- 
ful information for the selection of lubricants of low car- 
bonizing tendency, particularly when a choice has to be 
made between the possible blends of two or three basic 
oils. In such cases, coking tests are commonly in line with 
engine carbonization. 

Although it is not known how much of the total carbon 
deposit in the combustion space is due to incompletely 
burnt fuel, evidence has been obtained that carbon forma- 
tion increases with the fuel-air ratio in a gasoline engine 
[42, 1926; 58, 1930]. Little systematic work appears to 
have been done on the subject with compression-ignition 


engines, but it seems probable that carbonization decreases 
as the load increases. Reference is made in a later section 
of this article to the formation of sludge-like substances 
under conditions of poor combustion in C.I. engines. 

No data has been published on the effect of dirt in the 
air on carbon deposits, but it is probable that in engines 
working under very dirty conditions, as in the case of 
tractors on light, dry soil, the amount of carbon deposited 
is considerably increased by the presence of dirt. 

The volatility of gasoline has a negligible effect on car- 
bonization [24, 1933], but low volatility fuels, such as 
kerosine, and white spirit, appear to produce more carbon 
than is found with gasolines. Interesting results on the 
behaviour of gum-bcaring cracked gasolines have been 
obtained by Marley and Gruse [24, 1933; 41, 1932], It was 
found that when the intake temperature was high (about 
175° F.), a gasoline of high existent or preformed gum 
content deposited its gum in the induction pipe and gave 
no increase in combustion-chamber carbon. With a cold 
or unheated intake there was practically no deposit in the 
manifold, but a small increase took place in the carbon in 
the cylinder. 

The hardness of carbon deposits depends very much on 
engine temperatures and rates of oil consumption. Fatty 
oils and their blends with mineral lubricants commonly 
give harder deposits than do pure mineral oils. Amongst 
the latter, distillate oils generally produce softer deposits 
than are formed with residual oils. In some engines it is 
found that the hardness of a deposit increases with the 
quantity formed [3, 1931]. 

Alteration of Lubricating Oils during Use 

The tests commonly applied in the laboratory to used 
lubricating oils may be roughly classified into two groups: 
namely, those for detecting contamination, such as fuel 
diluent, ash, and water; and those intended to determine 
the physical and chemical changes in the oil itself, after 
removal, if necessary, of the contaminants. Sludge in a 
used oil may be regarded both as contaminating material, 
and, in so far as it remains in suspension or solution, and 
increases the viscosity of the oil, it may also be considered 
as part of the oil. When it is desired to carry out tests on 
the oil and sludge together, the tendency of the sludge to 
settle out from oil on standing must be kept in mind. 
Sludge is discussed in some detail in another section of this 
article, and attention may therefore be directed to the 
remaining constituents and properties of used oils. 

Of the contaminants in used oils, only the mineral ash 
can possibly depend in amount on the nature of the lubri- 
cant, since the latter may have an effect on the rate of 
engine wear. The metallic oxide constituents of ash do not 
appear to have abrasive properties, but when more than 
about 10% of silica is found in the ash of a used oil, the 
possible presence of abrasive material, such as sand, should 
be investigated. Further reference to the ash content of 
used oils is made in the section dealing with wear. 

The proportion of diluent in a used oil depends upon 
the mechanical state of the engine, the running conditions, 
the degree of richness of the fuel-air mixture, the volatility 
of the fuel, but not to any appreciable extent on the nature 
of the lubricant. An important difference between gasoline 
and compression-ignition engines is that the proportion of 
diluent in the former reaches an equilibrium in the crank- 
case oil after a few hours’ running [67, 1926; 20, 1924], 
but tends to increase continuously with time in those types 
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of compression ignition engines that give more than 2 or 3% 
fuel dilution of the crankcase oil. 

The chief evil of high dilution is probably the reduction 
[17, 1933] which is caused in oil viscosity and the conse- 
quent increase in oil consumption. It has been thought 
that rate of engine wear increases rapidly with high dilution 
of the lubricant, but Mougey [47, 1928] found that the 
addition of 50% kerosine to a lubricating oil did not in- 
crease wear in bench tests, and Williams [64, 1933] found 
that, even with abrasive dust added to the lubricant, the 
presence of kerosine in the lubricating oil had no appre- 
ciable effect in the rate of wear of the cylinder and piston 
rings until more than 60% kerosine was included in the 
lubricant. 

The occurrence of water in crankcase oil is due to con- 
densation from gases passing the pistons, or to leakage 
from the water jacket. The effect of water on sludge 
deposition is mentioned elsewhere. Although the presence 
of a small percentage of water in crankcase oil [15, 1924] 
does not appear to have any detrimental effect on lubrica- 
tion, it may promote corrosion [47, 1928], especially if 
sulphur acids, derived from exhaust gases, get into the 
crankcase. The presence of mineral acids is indicated when 
the pH value of a used oil falls below 3. 

The changes which take place in an oil in use, due to 
oxidation and decomposition, may be followed by viscosity 
measurements [61, 1931 ; 6, 1934], ‘sediment’ tests [6, 1934; 
43, 1927], by diluting the used oil with solvents, tests for 
organic acidity [17, 1933; 45, 1927], and increase in coking 
value [17, 1933], In Germany ‘tar value’ (Teerzahl) [30, 
1924] and its related tests have been applied [19, 1930; 37, 
1932]. Some of these determinations give valuable com- 
parative indications of the changes which have taken place 
in oils in the engine. The limitations of sediment tests 
when used for estimating sludge are described in the section 
dealing with sludge. 

It is not possible, generally speaking, to give limits, in 
terms of the above tests, for the maximum permissible 
extent to which an oil may be allowed to change in service 
before it is considered unfit for further use. The various 
test methods do not always agree with regard to the amount 
of deterioration which they indicate in used oils. Under 
normal service conditions, the fact that fresh oil is added 
from time to time to make up for consumption losses tends 
to counteract the changes in crankcase oils. 

Most lubricating oils increase in viscosity in use, but it 
is necessary to remove, by distillation, any fuel diluent 
present, or to determine the proportion of diluent and 
correct for its effect on viscosity before the change in this 
property can be measured. Although oils seldom increase 
in viscosity at 60"* C. by more than 50% in gasoline 
engines, in compression-ignition engines very considerable 
increases in viscosity are sometimes produced by the accu- 
mulation in the oil of materials from partially burnt fuel. 
These oxidation products, which assist in sludge formation, 
have been found, in extreme cases, to cause the viscosity 
of the lubricant, measured at 60® C., to rise to 5 or even 
10 times its initial value when the oil has been in service 
for a few thousand miles on the road. The fact that re- 
moval of the fuel products by filtration or precipitation 
often leaves the oil nearer to the unused oil in physical 
properties than a similar treatment applied to an oil from 
a gasoline engine, indicates that the deterioration in such 
cases is essentially contamination. 

The accuracy of measurement of the viscosity of used 
oils is generally less than that possible in the case of 


unused oils owing to the fact that the former are often not 
homogeneous. 

The determination of the organic acidity of a used oil 
does not, as a rule, give much useful information. The 
acidity, expressed in terms of the equivalent amount of 
oleic acid, does not usually exceed about 3%, except in oils 
containing fatty matter. There is no evidence that the 
organic acids normally produced from mineral oils during 
service have corrosive properties, but those formed by 
fatty oils may attack metals, particularly copper and its 
alloys, when present to the extent of about 4% or more 
in the lubricating oil. 

Sludge Deposits, Engine Cleanliness, and 
Piston-ring Sticking 

The term ‘sludge’ is applied to the pasty, semi-solid 
deposits which are sometimes found in the crankcase, on 
the oil filters, or in the hollow crankpins of an internal- 
combustion engine. Sludge should not be confused with 
pieces of carbon that may be formed on the underside of 
the piston and drop off into the crankcase where they 
deposit as brittle flakes. Solid substances precipitated from 
used oils by addition of solvents are sometimes described 
as sludge; but, as pointed out earlier in this article, these 
precipitates or ‘sediments’ are not necessarily proportional 
to the amount of sludge in an oil. 

There are several possible ways of separating and 
measuring sludge in used oils. The first method which 
suggests itself is that of leaving an oil in circulation in 
an engine until sludge deposits form. This method is not 
generally suitable for oil-testing purposes owing to the long 
running periods required for the formation of deposits and 
the difficulty of collecting and measuring the sludge. Ob- 
servations may, however, sometimes be made with vehicles 
running under controlled service conditions, particularly 
when sludge deposits in definite parts of the engine from 
which it may be collected, such as hollow crankpins and 
sump filter pads. A second method, which has been used 
by the authors [58, 1930; 43, 1927], employs a centrifuge 
through which the oil is continuously circulated while the 
engine is running. Although useful results may be obtained 
on bench tests with this method, it is necessary to run for 
at least 50, and with some oils for 100 or more, hours to 
obtain reasonable quantities of sludge for weighing. Even 
with a centrifugal force of about 1,500 times that of gravity 
the rate of removal of the sludge from the oil at 50° C. is 
slow, so that if the centrifuge is stopped when the engine 
is shut down, a proportion only of the total quantity of 
separable materials has been removed. 

A method of sludge estimation which the authors have 
found convenient consists in filtering with suction a used 
oil through a fairly coarse filter paper in a Buchner funnel 
maintained at about 80® C. by means of a water jacket. 
A convenient form of apparatus made principally of metal 
is shown diagrammatically. The filtration method gives 
results with oils which have undergone relatively little 
deterioration in use, but is difficult to apply in some cases 
when appreciable amounts of water are present. The oily 
deposit on the paper may be weighed as such or first 
washed with a solvent to remove the more oily portion. 
If required, the ash content of the deposit may be deter- 
mined by ignition. It is important to point out that washing 
the sludge deposit with a solvent such as petroleum ether 
is not equivalent to treating the whole of the used oil with 
the same solvent. This is shown by the results given in the 
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fourth and seventh lines of Table III, which summarizes 
the results of 20-hour tests on three different mineral 
oils, A, B, and C, in a water-cooled, single-cylinder bench 
engine. No fresh oil for ‘make-up’ was added in these 
tests. 

Table 111 


Test No. . 

Oil .... 

Oil consumption, litres 
‘Sediment’, % by wt. 
insoluble in 60®/80° 
petroleum ether 
‘Asphaltenes’, % by 
wt. (portion of ‘sedi- 
ment’ soluble in ben- 
zene) 

Oily sludge, by filtra- 
tion, g. per litre 
‘Sediment’ in sludge 
(insoluble in 60°/80“ 
petroleum ether), cal- 
culated as percentage 
by wt. of used oil 
Ratio: 

sludge (from line 6) 
sediment (from line 4) 


/ 

A 

0-51 

0-27 

0-21 

3*5 


.? 


13 


A 

1*31 

0-55 

0-39 
7 4 


0-22 


: 13-5 


B 

0- 51 

016 

002 

1- 9 


005 


119 


L ^ 

I ^ 

1-6 

0-32 

005 

2-8 


012 

8-8 


5 

C 


0*85 


6 

C 

1-71 


014 0*17 


completely burnt and pass out with the exhaust gases, but 
others deposit their products on the cylinder walls and 
piston crown, and thence find their way back to the crank- 
case. This picture of the origin of crankcase sludge is sup- 
ported by the following observations: 

(1) General decomposition of the lubricant and sludge 
formation, excluding the effect of water in the crankcase, 
is as rapid in a water-cooled as in an air-cooled engine of 
similar capacity and rate of oil consumption. 

(2) The rate of formation of decomposition products in 
a crankcase oil increases with oil consumption [21, 1926; 
61, 1931], owing to the greater rate of circulation of oil 
between the crankcase and combustion space. This is 
illustrated by the results of Tables III and IV. The latter 
table deals with tests on oil A in the same water-cooled 


0 04 0 03 

engine referred to in Table 111. No fresh oil was 

3-2 40 

during a test. 

Table IV 




Test No. ...... 

r I 

7 

1 010 : 012 

Oil consumption, litres 

Oily sludge in used oil by filtration, g. per 

0-51 

1 

0-74 

litre ...... 

Total sludge in crankcase oil, g. at end of 

3*5 

9*6 

‘ 23 23*5 

20 hr 

14 

1 15 

‘Sediment’, % by wt. in used oil . 

1 0-27 

0-40 


Engine speed, r.p.m. .... 

900 

900 


8 

1'48 

29 

23 

2-2 

1,100 


by changing the pressure on the relief valve of the oil pirnip. 
The results show that there is no simple relation between 
the sediment or asphaltene con- 
tents of the used oils, on the one 
hand, and the amounts of sludge 
removable by filtration, on the 
other hand. For each oil, how- 
ever, the sediment and asphaltene 
figures are roughly proportional 
to the sludge contents, and may 
therefore be used to indicate the 
relative amount of sludge present 
in different used samples of the 
same oil. 

Of the three oils mentioned in 
Table III, oil A is the least re- 
sistant to oxidation treatment, oil 
C is the most resistant, while oil 
B is intermediate between A and 
C in this respect. Comparison of 
the sediment or asphaltene results 
(lines 4 and 5) with the respective 
sludge figures (line 6) of each used 
oil shows that, for a given pro- 
portion of either of the former, 
oil B contains less sludge than oil 
A, and oil A contains less sludge than oil C. This point 
is illustrated by the figures of the last line of the table. 
In the case of these oils, therefore, the one of highest 
stability has relatively the lowest solvent effect on its sludge 
products. 

It has been suggested [58, 1930; 34, 1933; 17, 1933; 38ar, 
1936] that the origin of sludge-forming substances lies 
mainly in the decomposition products formed in the com- 
bustion space from the oil Und, particularly in compres- 
sion-ignition engines, from the fuel. The break-down of oil 
in the engine is hastened by intimate mixing with the hot 
gases in the cylinder, due to spraying of the oil which 
passes the piston. Some of the oil drops are more or less 

IV 


In test no. 1 the quantity of oil put into the engine was 
double that of tests 7 and 8, and the amount of oil remain- 



ing at the end of the run was therefore the greatest in test 
no. 1. It is evident that not only the concentration but 
also the total amount of sludge tends to increase with the 
oil consumption. Under ordinary service conditions in 
which fresh oil is added to the crankcase at intervals to 
compensate for oil consumption the effect of a high rate 
of consumption on oil deterioration is, naturally, masked 
to some extent. When the consumption of oil is very high, 
the regular addition of the full amount of fresh ‘make-up’ 
oil does not suffice to keep the oil as clean as it would be 
after a normal period in use under conditions of low con- 
sumption. 

(3) In an engine fitted with a crosshead piston, and direct 
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supply of oil to the cylinder and piston, the rate of de- 
terioration of the crankcase oil is extremely low. An engine 
of this type, in which the contamination of the crankcase 
contents by oil drainings from the piston amounts to only 
about 1% for each 10 hours’ running, the crankcase oil 
shows only slight darkening in colour after 50 hours. The 
stability of the oil is, of course, partly due to the low oil 
temperatures due to the absence of contact between the 
piston and crankcase oil. On the other hand, the first 
drainings of used oil from the piston and cylinder, collected 
within 20 or 30 minutes of starting up, contain considerable 
amounts of sludge and decomposition products. 

As an objection to the idea that the deterioration of oil 
is largely due to the occurrence of a spray of oil drops 
above the piston, it has been pointed out [52, 1934] that 
oil consumptions as low as 1 cu. mm. per cylinder per 
engine revolution have been recorded in large gasoline 
engines. Although there is no difficulty in imagining that 
such a minute amount of oil in the form of spray might 
be completely burnt, it must be borne in mind that the 
quantity of lubricant sprayed into the combustion chamber 
is, in all probability, considerably greater than the amount 
consumed. The case of the engine having a low oil con- 
sumption does not, without data on the rate of deteriora- 
tion of the lubricant, constitute an objection to the oil- 
spray process. In such an engine the rate of deterioration, 
on the oil-spray hypothesis, should be low. If it could be 
shown that the rate of formation of decomposition pro- 
ducts in the oil was as rapid at a low as at a high oil con- 
sumption, then the origin of the oil deterioration would 
have to be sought in either contamination with fuel pro- 
ducts or in oxidation and cracking on the underside of the 
piston. 

With regard to the latter point, the test results of Table V 
which were obtained with a single-cylinder, air-cooled 
engine on the bench are of interest. Each test ran for 20 
hours at a cylinder-barrel temperature of 190-200^^ C. No 
fresh oil was added during either test. The lubricant was 
oil A of Table IV. In the first test an iron baffle-plate was 
fixed inside the piston, above the gudgeon-pin, to prevent 
oil from splashing on to the underside of the piston crown. 
Comparison of the results of the two tests shows that, in 
this engine at any rate, removal of the baffle (in the second 
test) has a negligible effect on the rate of deterioration of 
the oil in the engine used for these tests. 

Table V 

Test No I / j 2 

Oil consumption, pints . . ! 10 | 10 (=- 0*57 litre) 

Oily sludge, g. per litre in used oil . | 2-8 | 2-8 

‘Sediment*, % by wt. (insoluble in j 

60“/80'’ petroleum ether) 015 | 018 

Baffle-plate to underside of piston . Present | Absent 

It is well known that the presence of water in used oil, 
due to condensation from gases blowing past the pistons, 
or to leakage from the water jacket, assists greatly in the 
separation of sludge [58, 1930; 16, 1933; 9, 1935]. The 
production of watery sludges is particularly noticeable in 
the valve [26, 1933] rocker chambers of water-cooled, over- 
head-valve engines, the sludge forming in thick, slimy 
masses on the underside of the cover. Provision of ade- 
quate ventilation is generally a complete cure for this 
trouble. 

Apart from any water which may be present, sludge 
deposits generally contain a high propohion, more than 


70%, of oily substances soluble in petroleum ether [26, 
1933; 6, 1934; 17, 1933]. A smaller proportion of car- 
bonaceous matter, insoluble in benzene, is also present, 
together with varying amounts of ash composed of metallic 
wear and dust. Sludge deposits become harder and less 
oily with time, particularly when they form in hollow 
crankpins and centrifuges. The chemical composition of 
hard sludge deposits is similar to that of carbon deposits 
in the combustion chamber [58, 1930]. 

The harm caused by sludge deposits is probably very 
small except when they are allowed to grow to considerable 
dimensions. In such cases sludge may obstruct the flow of 
oil at two important points, namely, at the sump filter and 
in the drain holes of the piston-scraper rings and grooves. 
Blockage of the oil filter reduces the supply of oil to the 
pump and causes a fall in the oil pressure, while sludge 
in the scraper ring holes and slots commonly leads to 
increased oil consumption. The sticking of the pressure 
rings in low-temperature engines is probably due, in most 
instances, to the accumulation of sludge in the ring grooves. 
As the rings gradually lose their freedom of movement, 
the blow-by of hot gases increases, and by the time that 
complete sticking occurs the sludge deposits have become 
hard ‘carbon’. 

The general cleanliness of piston skirts, crankcases, and 
valve gear is closely bound up with sludge in the sense that 
conditions promoting sludge formation tend to produce 
a dirty engine. The condition of an engine in this respect 
may give rise to comment, although the period of running 
may have been insufficient for actual sludge deposition. 

In addition to the piston ring-sticking, which is some- 
times brought about in low output, water-cooled engines 
by sludge or carbonaceous matter in the ring grooves, there 
is another type of ring-sticking which occurs in engines 
running at high piston temperatures, particularly high out- 
put, air-cooled aircraft and two-stroke engines. There is 
some evidence that this type of ring-sticking, which rapidly 
leads to piston-buming or seizure, is due to different factors 
from those which produce ring-sticking in low-temperature 
cylinders, for example, an oil which performs satisfactorily 
in a high-temperature gasoline engine may give trouble in 
a low-temperature engine and vice versa. The difference 
between the two classes of ring-sticking is also illustrated 
by the case of a certain high-speed compression-ignition 
engine, which is prone to ring-sticking owing to accumula- 
tion of sludge in the ring grooves. This engine runs 
satisfactorily only on oils which are known to have a low 
sludge-forming tendency and pronounced ring-sticking 
properties in high-temperature gasoline engines. 

Very little experimental work on high-temperature ring- 
sticking has been published, although, in view of the great 
importance of the question in connexion with aircraft, a 
great deal has undoubtedly been done. Heron [27, 1930] 
in 1930 gave the results of some experiments carried out by 
the U.S. Army Air Corps in a small single-cylinder engine. 
As a result of their own observations and also those of 
others on high-temperature engines, during the last few 
years, the authors have arrived at the following general 
conclusions, which, incidentally, form the basis for the 
statement that ring-sticking at high temperatures arises 
from causes other than those promoting sticking at low 
temperatures. 

(1) In addition to piston temperatures, a considerable 
number of factors, not necessarily connected with the 
lubricant, affect ring-sticking. Amongst these are piston- 
ring side-clearance, accuracy of finish of the plane surfaces 
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of the rings, and intensity of detonation, which may operate 
by increasing the piston temperatures locally. There is also 
some reason to think that the metals of the piston, rings, 
and cylinder have some effect. 

(2) Ring-sticking is not controlled by the carbonizing or 
sludge-forming tendency of an oil. 

(3) The general oxidation stability of oils does not appear 
to have a very strong influence on their ring-sticking per- 
formance. 

(4) An increase in the rate of oil supply to the piston 
frequently delays ring-sticking. 

(5) An increase in the degree of refining of an oil may 
have an adverse effect on its ring-sticking behaviour. 

(6) The addition of fatty material to mineral oils generally 
promotes ring-sticking, but the effect of small proportions 
of fatty oil, e.g. 5%, may, in some instances, be largely 
counteracted by blending with suitable mineral oils, of 
types which are not too highly refined. 

The observations mentioned under (4), (5), and (6) sug- 
gest that the material responsible for ring-sticking at high 
temperatures is a gummy substance soluble to a different 
extent in various types of oil. Over-refining of a mineral 
oil presumably reduces its capacity for dissolving the gum. 
The fact that even the most Siablc oils may give rise to 
ring-sticking indicates that such oils may form gums, just 
as they produce carbon and sludge-forming substances 
when submitted to the destructive conditions of the com- 
bustion space. 

The above picture of the ring-sticking process admittedly 
rests on limited experimental evidence, and a great deal of 
work remains to be done. For the present the solution to 
the problem, as far as the lubricant is concerned, seems 
to be in the correct selection of the components of the oil. 
The possibilities of preventing ring-sticking by the addition 
of oil ‘dopes’ containing organic material, which inevitably 
decomposes in the engine, seem very limited. 

The gummy substances, responsible for ring-sticking, do 
not appear to have been isolated. It is possible that they 
are similar to the alcohol-soluble ‘varnish’ previously men- 
tioned. The difficulty of obtaining the gums is due to the 
fact that, when ring-sticking actually occurs, the gummy 
materials are generally carbonized by the high local tem- 
peratures. 

Lubricating Quality, Oiliness, and Friction 

The effects due to the decomposition of lubricating oils 
in use, and also those of the viscosity of lubricants on 
engine-starting and on rate of oil consumption, are dealt 
with elsewhere. Some consideration must now be given to 
the lubricating quality of oils in connexion with their use 
in internal-combustion engines. 

The property of lubricants known as oiliness has received 
a great deal of study and its effects have been demonstrated 
in friction machines and other pieces of laboratory appa- 
ratus, in which the reduction in the coefficient of static or 
breakaway friction due to oiliness may be measured. Oili- 
ness depends upon the chemical composition of a lubricant ; 
it is possessed in a marked degree by animal and vegetable 
oils which are superior to mineral oils in this respect. The 
differences in oiliness between mineral oils of varying origin 
and degree of refining are relatively small; but the addition 
of a small proportion of a fatty to a mineral oil produces 
a lubricant possessing a degree of oiliness comparable with 
that of the fatty oil alone. 

Although the effect of oiliness in reducing friction is 
quite definite under static conditions and even during actual 


running in certain machines and types of reduction gear in 
which, owing to high bearing pressures and sliding contact, 
the conditions favour extrusion of the lubricant, the mani- 
festation of the results of oiliness in engines is much less 
definite. Since conditions of boundary lubricating occur 
only momentarily, if at all, in engines [52, 1934; 58, 1930], 
the effect of oiliness on friction during running seems to 
be negligible [43, 1927; 66, 1928; 5, 1935], and it has even 
been observed by the authors [58, 1930] that some blends 
of mineral and fatty oils produced a higher starting-torque 
than did a mineral oil of the same viscosity. In rare cases 
it is noticed that valve-operating mechanism which, owing 
to deficient design, is inadequately lubricated, wears less 
rapidly with a compounded than with a pure mineral oil. 
Another instance of the advantageous use of fatty oil is in 
the running in of pistons [52, 1934], particularly in steel 
cylinders. In this case better results seem to be obtained 
with castor oil than with mixtures of fatty and mineral oils, 
so that the effect may be one not of oiliness alone but of 
some chemical action of the castor oil on the metals where- 
by it acts as a very mild lapping or grinding material. 

The use of a lubricant possessing high oiliness is some- 
times thought to provide a margin of safety in case of 
temporary failure of oil supply. There does not appear to 
be any experimental support for this opinion, and, in the 
authors’ experience, the length of time which elapses be- 
tween failure of oil supply and piston seizure is more 
affected by the involatility than by the oiliness of the 
lubricant. 

The great majority of the world’s internal-combustion 
engines are lubricated with mineral oils. The question 
whether a particular blend of fatty and mineral oil has 
sufficient advantages in performance to counteract any 
increased tendency to gumming and carbonization due to 
the fatty oil can, at present, be decided only by engine 
trials. 

The effect of the viscosity of an oil on its performance 
is better understood than that of oiliness. Reference has 
already been made to the influence of viscosity on starting 
and rate of oil consumption. The frictional losses in engine 
bearings are a function of the oil viscosity, as would be 
expected from the hydrodynamic theory of lubrication, and 
it therefore follows that oils of the lowest viscosity con- 
sistent with satisfactory lubrication and oil consumption 
should be applied. The minimum viscosity necessary to 
ensure adequate bearing lubrication naturally varies some- 
what according to the particular engine, bearing pressures, 
and speeds, but there is some experimental evidence [59, 
1933], in addition to that mentioned in regard to the 
effects of fuel dilution, to show that light machine oils, of 
about 8 centipoises viscosity (about 35-45 sec. Redwood 
or Saybolt) at cylinder-wall temperatures, give adequate 
lubrication. At present even thinner lubricants, which are 
equivalent to heavy spindle oils, are being recommended 
and used in the U.S. A. for automobile lubrication to ensure 
easy starting in winter. 

An increase in the viscosity of the lubricant produces an 
increase in the frictional losses in a bearing, and hence a 
rise in bearing temperatures. Generally speaking, the tem- 
perature of oil in a crankcase increases with engine speed, 
but is not greatly affected by variations in power output 
in a given engine [56, 1931]. Whether the crankcase oil 
temperature rises or falls with the viscosity of the lubricant 
depends upon engine design and the extent to which the 
oil is thrown to the underside of the pistons. In radial 
aircraft engines oil temperatures are hi^er with low than 
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with high viscosity oils owing to the increased rate of 
circulation of oil to the pistons with reduction in the vis- 
cosity of the lubricant. At the other extreme Doman 
[18, 1932], working with an air-cooled, six-cylinder in-line 
engine on the bench, found that crankcase oil temperatures 
were almost as high when the engine was motored as when 
it was firing. It seems evident that in this particular engine 
very little piston-cooling is done by the lubricant. C. G. 
Williams [63, 1932] has conclusively shown that oil tem- 
peratures are much more effectively reduced by passing 
cool air through the crankcase than by increasing the rate 
of circulation of the lubricating oil. This result is not sur- 
prising when it is realized that an increase in the rate of oil 
circulation generally leads to a greater rate of oil supply 
to the piston. 

Although low viscosity is preferable to high viscosity in 
crankcase oils from the point of view of friction, engines 
commonly run with greater noise as the viscosity of the oil 
is reduced. 

Reference has been made to oil volatility in connexion 
with the consumption of lubricating oil. There is no doubt 
that air-cooled gasoline engines may be satisfactorily lubri- 
cated by distillate oils [58, 1930] of suitable viscosity. 
When the cylinder-wall temperatures exceed 300° C., the 
presence of some residual oil, i.e. bright stock, in the lubri- 
cant seems desirable to prevent ‘drying up’. In the case of 
4-stroke engines, 20 or 30% of residual oil in the lubricant 
is generally adequate; but for 2-stroke air-cooled engines 
higher proportions may be necessary. Owing to the lower 
average cylinder temperatures involved, residual lubricants 
arc not essential constituents of the lubricants of most types 
of compression-ignition engine. 

Oil Consumption 

The amount of lubricating oil consumed by an internal- 
combustion engine is normally in the region of 1-5% by 
volume of the liquid fuel consumption. 

In the majority of engines of the trunk-piston type con- 
siderably more oil passes the piston than is required for 
lubrication purposes. This state of affairs is objectionable 
from two aspects; it causes an unnecessarily high rate of 
oil consumption and hastens the deterioration of the re- 
maining oil in the crankcase. The simultaneous increase 
in oil consumption and oil deterioration, including sludge 
formation, which has already been described, follows from 
the fact that both are effects of the same cause, namely, 
enhanced rate of circulation or interchange of oil between 
the crankcase and combustion space. 

The minimum amount of oil needed to give adequate 
lubrication and to prevent excessive wear of the piston 
rings and cylinder is obviously directly dependent upon the 
rate at which the lubricant is pumped into the combustion 
space and consumed. In trunk-piston engines, in which 
the oil is thrown to the piston from the big-end of the 
coimecting-rod, the lowest attainable rate of oil consump- 
tion, without incidence of undue wear, will be considerably 
less than the rate of supply of oil to the piston and cylinder 
walls. The lowest rates of oil consumption obtained in 
such engines are chiefly of interest as showing how far the 
pumping of oil past the piston may be reduced below what 
is considered normal. For example, Nutt [49, 1933] quotes 
the case of an aircraft engine having an oil consumption, 
at full throttle, equal to only 0*4% by volume of the fuel 
used. Pye, on page 120 of his book [52, 1934], mentions 
a similarly low rate of oil consumption another type of 
aero-engine. Williams [64, 1933] has also shown that the 


rate of oil consumption may, under certain conditions, be 
reduced to about one-tenth of that normally expected. In 
an engine fitted with a crosshead and guide and having 
a direct oil feed to the lower part of the cylinder walls, it 
is possible to control and measure the amount of oil which 
reaches the piston and cylinder. With a gasoline engine 
of this type, in which the crosshead and guide were designed 
to prevent leakage of oil from the crankcase to the piston, 
the authors have found that the minimum permissible rate 
of oil feed to the cylinder, at an engine speed of 600 r.p.m., 
was 0-25 % of the fuel consumption. 

In general, the rate of consumption depends much less 
upon the characteristics of the lubricant than upon the 
mechanical conditions of use, such as engine design, run- 
ning conditions, and the state of the engine [22, 1933; 46, 
1931; 50, 1931-2; 54, 1922; 20^, 1935]. The most impor- 
tant property of the oil in regard to consumption is un- 
doubtedly its viscosity at each temperature prevailing 
in the crankcase, oil pipes, bearings, in the piston-ring 
grooves, and on the cylinder walls. The rate of movement 
and circulation of the oil at these points increases as the 
viscosity falls, and upon the rapidity of circulation depends 
the rate at which the oil is offered to the combustion spaces 
for consumption. Under service conditions, the loss by 
leakage through crankcase breathers, faulty joints, or de- 
fective glands or oil-throwers sometimes accounts for a 
considerable proportion of the total oil consumption. Loss 
of oil by leakage and by changing of crankcase oil do not 
call for consideration in this article, although it is impor- 
tant that such losses should be allowed for in experiments 
on engine-oil consumption, i.e. consumption of oil which 
passes the pistons and valve guides. 

A considerable amount of experimental work, both on 
the road and the bench, has been published to show the 
rapid increase in the rate of oil consumption with speed 
[22, 1933; 46, 1931; 35, 1931; 33, 1931; 49, 1933]. The 
actual variation in the oil consumption naturally depends 
greatly upon the engine. Graves [22, 1933] refers to a series 
of road tests in which oil consumptions at 30 and 55 m.p.h. 
were compared in a number of engines. The ratio of the 
rate of consumption at the high to that at the low speed 
varied from 2-3 to 19 8 according to the car. 

Although the rate of oil consumption lends to fall as the 
viscosity of the lubricant increases, Mougey [46, 1931] and 
others [22, 1933; 54, 1922] have found that when the vis- 
cosity exceeds a certain limit, the consumption in some 
engines rises as the viscosity increases. 

There is a certain amount of evidence that oil consump- 
tion may increase with the volatility of the lubricating oil 
[21, 1926; 22, 1933; 61, 1931; 16a 1935], volatility being 
assessed by means of a vacuum distillation curve or by the 
percentage of low viscosity distillate in an oil blend. On the 
other hand, differences in oil volatility frequently produce 
no effect on oil consumption. It is often impossible to 
separate the effects of viscosity from those of oil volatility 
when studying oil consumption, owing to the difficulty of 
changing the volatility of an oil blend without altering its 
viscosity-temperature curve. In the authors’ experience the 
effect of oil volatility on consumption is negligible in com- 
parison with the influence of engine conditions and of the 
viscosity of the lubricant. In those cases in which differ- 
ences between oils in regard to rate of consumption may 
be ascribed to differences in volatility it is generally found 
that the oil consumption is low, i.e. less than 2% of the 
fuel consumption. 

The use of flash-point as a measure of relative volatility 
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of lubricating oils is objectionable. Flash-point is greatly 
influenced by the presence of small proportions of low 
boiling-point constituents in an oil. For example, the addi- 
tion of a small percentage of kerosine to a lubricant may 
produce a big drop in the flash-point without any appre- 
ciable eflect on the rate of consumption of the oil in an 
engine. 

Low-temperature Performance of Lubricating Oils 

Considered from the point of view of engine performance 
at low temperatures, the properties of lubricating oils are 
chiefly important in regard to their effects on case of 
starting. When a start has been obtained it is necessary 
that the oil should not offer so great a resistance to circula- 
tion that the pump is incapable of delivering it to the 
bearings at the normal pressure. The highest oil viscosity 
compatible with proper delivery of oil to the bearings 
varies with the nature of the pump and particularly with 
the cross-section of the oil channels leading to the pump. 
In these channels the oil moves only under the influence 
of atmospheric pressure and gravity. The viscosity of the 
oil obviously falls rapidly as it begins to circulate and as 
the engine warms up. 

If the conditions of lubrication of a cold engine were of 
the ‘boundary’ type, starting-torque, neglecting the churn- 
ing of oil in the gear-box, would be independent of the 
viscosity of the crankcase oil. There is, however, con- 
siderable evidence [62, 1928; 58, 1930; 23, 1934; 35, 1931; 
8, 1930] that, in accordance with the hydrodynamics of 
fluid lubrication, the torque required to rotate a given 
engine in the cold depends principally upon the viscosity 
of the lubricant. The measurement of the viscosity of 
lubricating oils at low temperatures presents difficulties in 
the case of many oils which exhibit a marked tendency to 
become plastic solids [4, 1928; 62, 1928] as the temperature 
approaches that of the pour- or setting-point. This pheno- 
menon is caused by the presence of waxy and other sub- 
stances of high melting-point which tend to form structures 
as the temperature falls. The effect of these structures may 
be explored by carrying out the viscosity determinations at 
varying rates of shear and oil flow (i.e. by using different 
pressure falls in the viscometer), since the plasticity effects 
diminish as the rate of shear is increased. In the engine 
the rigidity effects are not so marked as in the viscometer, 
owing to the high rates of shear and to mechanical agita- 
tion, which break the wax structures, and oils commonly 
behave as fluids at temperatures considerably below the 
pour-point. It may be mentioned, in this connexion, that 
the rate of shear of an oil, under conditions of low-tem- 
perature viscosity determination in a capillary tube, is of 
the order of 10 or 100 radians per sec., while the rate 
of shear in a plain bearing with a 2-in. diameter journal 
rotating at 100 r.p.m. is 1,000 radians per see., even when 
the bearing clearance is as large as 0 01 in. The rate of 
shear increases directly with the relative velocity of the 
bearing elements, and inversely as the bearing clearance. 

A number of investigators have examined the behaviour 
of lubricating oils in actual engines at low temperatures 
both from the point of view of ease of starting, engine 
friction, and pumpability of the oil. ‘Breakaway’ torque, 
i.e. the torque required to start a cold engine turning, is 
more difficult to measure accurately than are readings at 
‘a steady speed, but certain investigators [36, 1931 ; 7, 1935] 
who have determined breakaway torque readings at tem- 
peratures from — 1° C. to — 18° C. find that it is about twice 
that required to maintain steady rotation of the crankshaft. 


Most authors who have described friction and motoring- 
torque experiments with engines at low temperatures have 
found that the effect of pour-point is unimportant in com- 
parison with that of viscosity in relation to the torque 
readings. 

The low-temperature viscosities of oils of low pour-point 
may be measured without difficulty in capillary visco- 
meters. Before the pour-point temperature is attained, the 
viscosity of this type of oil usually reaches a figure of such 
magnitude that measurements at lower temperatures are 
not required for comparison with engine observations. To 
obtain the effective viscosities of waxy oils at temperatures 
around and below their pour-point it is necessary either to 
carry out the measurements at a high rate of shear or 
to extrapolate the viscosity-temperature curve determined 
over the normal temperature range between 100° and 
20' C. Extrapolation is obviously not satisfactory unless 
the viscosity-temperature curve is linear, and hence some 
workers [4, 1928; 62, 1928; 10, 1931] have used the special 
scales of logarithmic type, such as those of MacCoull 
[40, 1921], Herschel [28, 1926], Vogel [60, 1921], and the 
A.S.T.M. [2, 1932], in which viscosity-temperature curves 
appear as straight lines. 

Although most of the factors affecting the behaviour of 
lubricants in engines at low temperatures appear to have 
been known by the year 1925 [23, 1934], the first systematic 
survey of the subject was made in 1928 by Wilkin, Oak, 
and Barnard [62, 1928]. These authors also described their 
own investigations which showed that the turning-torque 
of a cold engine is controlled by the viscosity of the oil. 
More recently it has been found that the torque is propor- 
tional to the square root of the viscosity [58, 1930; 7, 1935]. 

Blackwood and Rickies [10, 1931] carried out a series of 
starting tests in a cold chamber on a number of American 
motor-cars manufactured in the years 1930-1. They found 
very considerable differences in the performance of the 
engines. For example, some engines would start at a 
cranking speed as low as 20 r.p.m., whilst others required 
to be turning at over 60 r.p.m. to effect a start. Although 
one engine started with a lubricant having a viscosity as 
high as 85,000 Saybolt Universal (roughly 15,000 centi- 
poises), the maximum viscosity which allowed starting 
in the majority was between 20,000 and 40,000 Saybolt 
(roughly 3,000-6,0(X) centipoises). Two engines would not 
start when the viscosity of the oil exceeded 9,000 Saybolt 
(about 1,500 centipoises). It is obvious that the maximum 
viscosity of the lubricant on which starting can be obtained 
must depend to a great extent on the performance of the 
starter battery and motor. Blackwood and Rickies used 
the individual starting equipment belonging to each car. 
In later work, Blackwood [9, 1935] found that the cranking 
torque rises with fall in temperature, even when the oil 
viscosity is kept constant by changing the lubricant, pro- 
bably owing to the reduction of bearing clearances as the 
temperature falls. 

Barrington and Lutwyche [7, 1935] find that very few 
British cars will start satisfactorily at — 1 ° C. unless they 
are cranked at a speed of at least 60 r.p.m. These authors 
have also determined the cranking torque due to the 
various moving parts of a particular engine. 

The behaviour of lubricants when pumped at low tem- 
peratures has been examined by Larson [35, 1931], using 
the oil pump of a Ford engine. The rales of delivery of 
oil were measured at various temperatures and plotted 
against viscosity. Smooth curves were obtained which, for 
oils with pour-points of 0° F. and higher, extended down 
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to temperatures as much as 10° F. below the pour-point. 
Although the rates of delivery of the oils Mow their 
pour-points indicated the absence of rigidity effects, it was 
observed [35, 1931; 39, 1933] that even at temperatures 
above the pour-point the presence of wax reduced the rate 
of delivery, so that, in effect, the wax raises the viscosity of 
the oil for pumping purposes. In such cases the measured 
or extrapolated viscosities at a given rate of pump delivery 
vary with the nature of the oil, i.e. with the wax content. 

The pour-point as well as the viscosity of a lubricating 
oil is of significance in regard to the flow of oil to the 
suction side of the oil pump [62, 1928; 39, 1933], since at 
temperatures below the pour-point the formation of wax 
structures tends to hinder the free flowing of the oil. The 
pour-point of an oil generally falls in service, partly owing 
to the presence of fuel diluent, so that these considerations 
are more important with fresh than with used oil. 

Wear 

The determination of piston and cylinder wear by dia- 
metral measurements cannot be employed in conjunction 
with short running periods, of about 10-50 hours, unless 
special methods [64, 1933] of measurement are applied to 
deal with minute dimensional changes. 

The loss in weight of piston rings is frequently used for 
estimating wear. Results may be obtained by this method 
in tests of a few hours’ duration, but it is essential to check 
the repeatability of the results, since the rate of ring wear 
may vary very greatly in some engines, probably owing to 
movement of the rings in the plane of the grooves, without 
any apparent change in running conditions. Furthermore, 
it is unsafe to assume that cylinder wear is proportional 
to piston-ring wear without verification in any particular 
combination of materials. 

Measurement of wear is possible in some cases by deter- 
mination of the amount of iron and other bearing metals 
in the lubricating oil [32, 1933; 44, 1935; 20a, 30a, 1935], 
In trunk-piston engines this method involves the complete 
removal of the crankcase contents, an operation which is 
generally difficult to perform satisfactorily. Iron analysis of 
small portions of the oil withdrawn during running of the 
engine does not usually give reliable wear data owing to the 
tendency of the ash constituents of the oil to settle out. 
When it is possible to collect all the used oil draining down 
from the piston and cylinder [12, 1932], as in engines 
with crosshead pistons, analysis of the oil samples taken 
during equal time intervals enables an estimate to be made 
of the total cylinder, piston, and ring wear to be made. It is 
preferable to determine the metal content of the oil rather 
than the total ash, since the dust or silica present may vary 
somewhat without a corresponding change in the quantity 
of metal from the wearing surfaces. It should be borne in 
mind that wear measurements based on the analysis of oil 
for metal content involve the assumption that the amount 


of metal remaining in the oil is, in a given engine, a con- 
stant proportion of the total quantity worn from the metal 
surfaces; or, in other words, the loss of metal in carbon 
deposits in the combustion space or through the exhaust 
ports is a constant proportion of the total metallic wear. 
This assumption is, in the authors’ experience, reasonably 
sound. 

Until the last few years it was generally assumed that 
wear was normally caused by abrasive dust or by the 
occurrence of metallic contact of the bearing elements. It 
has, of course, been shown that the presence of excessive 
amounts of dust [32, 1933; 31, 1930; 64, 1933] in an engine 
increases the rate of wear, but the possibility of metallic 
contact in a properly designed and lubricated bearing, 
except perhaps between piston rings and cylinder near top 
dead centre on the firing stroke, seems rather remote. In 
1932 Ricardo [53, 1933] gave reasons for thinking that wear 
is not entirely due to abrasion and suggested that metallic 
corrosion by products of combustion might be one of the 
major causes of cylinder and piston wear. Strong support 
to the corrosion theory of wear was given by the important 
experiments on gasoline engines on the bench, described 
by Williams [64, 1933; 65, 1934], and carried out for the 
Research Committee of the Institution of Automobile 
Engineers. These articles, which deal with the most im- 
portant piece of work on cylinder wear in internal-com- 
bustion engines which has yet been published, should be 
studied by all who are concerned with engine wear. After 
showing that reduction of the rate of oil supply to the 
bearings to l/lOOth of the normal, increasing the cylinder- 
wall temperature from 125^ to 265° C., and raising the 
B.M.E.P. from 60 to 100 lb. per sq. in., had no appreciable 
effect on wear in the single-cylinder test engines, Williams 
demonstrates that rate of cylinder and ring wear increases 
rapidly as the cylinder-wall temperature falls below 90° C. 
At these low temperatures the wear is reduced by increasing 
the oil supply to the cylinder. Further experiments estab- 
lished that the high wear at low temperatures is due to the 
corrosive action on the cylinder walls of condensed water 
assisted by carbon dioxide and sulphur oxides. It is evident 
that for cylinder and piston rings, metals possessing a high 
resistance to corrosion may be more satisfactory for wear 
reduction than those selected for other properties, especi- 
ally in engines working principally at low cylinder tem- 
peratures. At the same time, the results show the necessity 
for reducing the ‘ warming-up ’ period and the undesirability 
of keeping cylinder- wall temperatures below about 90° C., 
at any rate near the upper end of the bore where the 
maximum cylinder wear almost always occurs. In general 
it is not possible to determine how much of the total wear 
in an engine is due to corrosion on the one hand, and to 
abrasion on the other hand. Data on the running condi- 
tions and temperatures may, however, make it possible to 
decide whether corrosion-wear is likely to be important. 
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THE LUBRICATION OF INTERNAL-COMBUSTION ENGINES 

By D. R. PVE, M.A., Sc.D., F.R£., FJI.Ae.S., M.I.Mech.E. 

Director of Research^ Air Ministry. 


It is inevitable that among the diversity of types included 
within the general class of internal-combustion engines 
there should be many problems of lubrication which can- 
not be covered in a general article. What follows is based 
chiefly upon experience with engines of the smaller, high- 
speed types used in road and air transport, but much of 
it may be read as applying equally to engines of larger 
cylinder size and lower rotational speeds. It is the mean 
piston speed which is important in cylinder lubrication, 
and the limits of this do not differ widely with engine size. 

The essential difficulty of the lubrication problem in the 
internal-combustion engine is that the oil has to serve a 
dual purpose. In the cylinders it must maintain its lubricat- 
ing properties between metal surfaces which may be in the 
temperature range 150®-200® C., and must also withstand 
being swept by the cylinder gases at temperatures of 1,000°- 
2,000° C. Chemical stability is therefore a prime considera- 
tion, both against oxidation and ‘cracking’ of the oil mole- 
cules. In the bearings and gears, on the other hand, 
chemical stability is of far less importance and might well 
be sacrificed in favour of the elusive property of oiliness, 
known to be associated with polar, i.e. chemically active, 
molecules (see Introductory article to this section, p. 2558). 
The ideal, which would be to employ separate oil supplies 
for the cylinders and for the bearings and gears, is for the 
most part impracticable, and in very high duty engines 
development has taken the line of employing mineral oils 
for their greater chemical stability, and of meeting any 
deficiency they may show under conditions of boundary 
lubrication by more perfect mechanical design, to mini- 
mize local concentrations of stress. By the more perfect 
forming of gear teeth, for example, excessive local pressures 
can be avoided and gears can be made to function satisfac- 
torily with a mineral oil, which formerly were liable to 
abrasion of the tooth surfaces. Under these severe condi- 
tions castor oil shows a remarkable superiority over other 
lubricants which has nothing to do with its high viscosity. 
The property of ‘oiliness’, possessed by castor and other 
‘fatty’ oils to an exceptional degree, depends upon the 
power of certain types of oil molecules to arrange them- 
selves in a definite orderly manner when forming primary 
films on a metal surface (see Introductory article to this 
section, p. 2558). The film is said to be ‘adsorbed’ on the 
surface of the metal, and it adheres so powerfully as to 
be removable only with the greatest difficulty. 

The beneficial effect of castor oil upon lubricated sur- 
faces, and its persistence after removal of the oil supply, 
has led to the practice of ‘running-in’ new engines for 
several hours upon castor oil, by which time the surfaces 
have become thoroughly impregnated, and thereafter turn- 
ing over to mineral oil for the rest of the engine’s life. The 
unsatisfactory qualities of the castor as a piston lubricant, 
by reason of its propensity to oxidation and gum formation 
in a hot cylinder, would not become evident until after a 
hundred hours or more of running, so that its use for a few 
hours with new engines allows some of its admittedly 
superior qualities for bearings and gears to be retained 
without subsequent danger from the sticking of piston 
rings. 


The undoubted benefit to be derived from preliminary 
running on castor oil raises questions of the importance 
or otherwise of viscosity, and to what extent conditions 
approaching those of boundary lubrication occur during 
the normal working of an engine. All the evidence goes to 
show that in normal running the friction of an internal- 
combustion engine is almost wholly of the fluid type. 
Between the cylinder wall and the outer surface of the 
piston rings the condition of boundary lubrication may 
prevail to some extent, more especially during the early 
part of the expansion stroke when the high gas pressure, 
getting behind the rings, may largely increase the normal 
pressure between them and the cylinder walls. To a lesser 
degree it may happen also at the end of the stroke, when 
the piston velocity drops to zero. During the central 
part of the stroke the high piston speed enables the ring 
to ride-up on an oil film of appreciable thickness, and in 
these conditions the friction force is largely unaffected by 
the surface condition of the metal and of the oil. Between 
the piston skirt and the cylinder wall the conditions may 
approach those of boundary lubrication over a small part 
of the circumference, on the side which is subject to the 
thrust of the connecting-rod; but round the rest of the 
circumference they will everywhere be those giving viscous 
friction. 

That an engine as a whole exhibits the phenomena of 
fluid rather that solid friction has been proved by experi- 
ments upon the rate of deceleration of a freely running 
engine when the power is cut off*, for the power absorbed 
has been shown to be proportional nearly to the square of 
the speed. There is also the point that the friction losses 
observed when motoring engines, while they are still hot 
after running under power, are found to correspond closely 
to the viscosity of the oil used, and to show none of the 
large differences between lubricants which can be demon- 
strated under conditions of boundary friction. For example, 
an engine lubricated with a fatty oil, which showed a coeffi- 
cient of 0 03 under boundary conditions, showed a higher 
friction loss than when lubricated with a mineral oil of which 
the boundary friction coefficient was no less than three times 
that of the fatty oil. Furthermore, if a rough estimate is 
made of the mechanical efficiency and the heat generated 
in the bearings of an engine, using boundary friction co- 
efficients, it will be found that the mechanical efficiency is 
quite impossibly low, and that the heat generated in the 
bearings must inevitably lead to seizure. We may conclude, 
therefore, quite definitely, that by far the major portion 
of the friction loss in an engine is by fluid friction, with 
boundary conditions occurring only from time to time 
between the ‘high points’ of two bearing surfaces, and 
possibly between the cylinder and piston rings near the two 
ends of the stroke. Although the friction loss during normal 
running depends upon the viscosity of the lubricant, the 
safety of the engine from seizure, on the other hand, will 
by no means be independent of the characteristics of its 
lubricant under boundary conditions. 

On the question of the part played by the viscosity of an 
oil, and of its importance, there are many opinions but 
there is little certainty. It is customary to specify a mini- 



THE LUBRICATION OF INTERNAL-COMBUSTION ENGINES 


mum viscosity for an oil at a certain temperature, and when 
engines have been designed to work with oil of a certain 
viscosity it is not safe to change that viscosity without 
simultaneous attention to bearing clearances, piston-ring 
design, and the working oil pressure which is maintained 
by the relief valve. A simple lowering of the viscosity of the 
oil used would allow of a more rapid flow through the 
shaft bearings, and better cooling; but it would mean also 
that more oil per revolution would be thrown on to the 
cylinder walls and this would lead to an excessive rate of 
oil consumption unless provision against it were made by 
redesign of the bearings and of the piston scraper rings. 

How far a high viscosity is a safeguard against lubrica- 
tion failure, either at the pistons or gears, is a question to 
which there is no simple answer. When once the oil film 
has been squeezed out, and boundary lubrication has set 
in, with the surfaces in contact, there is no doubt at all that 
the viscosity of the lubricant can play no further part in 
preventing seizure. But seizure under these conditions will 
depend not only on the lubricant, but also, if the load is 
sufficiently severe, upon how long the condition of boun- 
dary lubrication persists. The more viscous the lubricant, 
the longer will it take to be squeezed out from between two 
surfaces, and, remembering the undulating nature of every 
bearing surface considered in relation to films of molecular 
dimensions, it is quite clear that an oil of low viscosity will 
in general allow longer periods of metallic contact between 
the high points of a bearing, for a given load per unit area. 
On the other hand, if the less viscous oil should give a 
lower coefficient of friction in boundary lubrication, the 
rate of heat production would be less, and seizure less 
imminent. 

It will be seen, therefore, that although viscosity plays 
no part once the metal surfaces are in contact, it may yet 
be a safeguard against seizure through its delaying the 
occurrence of that contact. How far viscosity is an effective 
factor in maintaining the oil film depends very much on the 
type of surface considered. Between a cylindrical journal 
and its bearing it is probably of the first importance, for 
the eccentricity of the journal allows, indeed it induces, a 
constant supply of fresh oil at the point of maximum load 
concentration. As between a piston ring and the cylinder 
wall, however, it is doubtful whether viscosity can help so 
much to prevent the metallic contact, although here again, 
if one is right in thinking that boundary lubrication only 
sets in at the two ends of the stroke, it can be argued that it 
will set in sooner with a less viscous oil. 

It may be, but it does not necessarily follow, that an oil 
of low viscosity is also more volatile than a more viscous 
one. If that is so, then it must increase the danger of piston 
seizure with the less viscous oil, for towards the end of the 
exhaust stroke in a 4-cycle engine the piston and rings arc 
dependent for lubrication upon what is left upon the 
cylinder walls after exposure for nearly a whole revolution 
of the shaft to temperatures of 1 ,000°-2,000° C. In these 
circumstances the danger of a dry wall must be directly 
dependent on the volatility of the oil. 

This scorching of the oil film on the cylinder walls 
during every alternate revolution (in a 4-cycle engine) can- 
not be without effect on the surfaces of the oil, either in the 
way of ‘cracking’ it to form unsaturated and gum-forming 
hydrocarbons of smaller molecular weight, or of partial 
oxidation when free oxygen is present in the cylinder gases. 
After the working stroke the altered surface film is overrun 
by the piston again, and some of the products of the crack- 
ing and oxidation processes find their way into the spaces 
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around the rings near the top of the piston. In a high duty 
engine the piston itself may reach temperatures ranging 
from 250° C. at the centre to 200° C. at the periphery under 
normal working conditions and possibly 100° C. higher for 
short periods, and the association of these temperatures in 
the metal with an accumulation of cracked and oxidized 
oil off the cylinder surface prepares the way for the stick- 
ing of piston rings. This is brought about by the fatal 
metamorphosis of the oil into the very antithesis of a lubri- 
cant, namely into a sticky, glue-like substance, insoluble 
in the original oil and, in its final stages, insoluble in almost 
anything. 

Carbon and Sludge Formation 

If a clean engine is filled with clean oil and run for even 
a comparatively few hours at a high power-output, not only 
will the oil have become black, but the crankshaft and 
connecting-rods will, with a mineral oil, be found covered 
with a black surface film which when cold is quite hard and 
takes on a polish like varnish. After prolonged running a 
sticky black sludge will be found separated out from the 
oil at certain points, such as inside a hollow crankpin, and 
there will be caked carbon on the top of the piston. It may 
be added for later reference, moreover, that as a general 
rule the blackening of the oil and the production of a filthy 
condition in the engine is more rapid in engines of the 
Diesel type than in a properly adjusted petrol engine. 

Clearly the blackening of the oil must be due to the 
presence of suspended carbon in a finely divided state: so 
fine that much of it cannot be removed by filtration. What 
causes the carbon formation, and where it is produced, will 
be discussed later. A further essential element in the pro- 
duction both of sludge and of hard carbon is the formation 
of gummy substances by the polymerization and partial 
oxidation of the oil molecules, the latter process being one 
which is much accelerated by the presence of a metal sur- 
face. Probably some gum formation begins at once, but 
the early products of oxidation are soluble in the oil itself, 
and an engine may run for very many hours after the oil has 
become perfectly black with suspended carbon without the 
amount of gum formed being serious or even perceptible, 
unless the temperatures throughout the engine are ex- 
ceptionally high. If they are, decomposition and oxidation 
will be more rapid and the more viscous products of the 
process will collect, already black with carbon, in such 
places as piston-ring grooves, drain-holes, and in the wider 
parts of the oil-ways in the crankshaft where the flow is 
sluggish. At first the decomposition products would only 
show increased viscosity, but under the influence of slug- 
gish movement and a sustained high temperature their 
nature gradually changes to that of something sticky or 
nearly solid, and quite black. 

At this stage they form the sludge which is found collect- 
ing in oil-ways and in the drain-holes from the ring grooves 
in the piston. Wherever collections of sludge are constantly 
in contact with more oil, as inside the crankshaft and over 
the lower parts of the piston, it may go on gathering to itself 
more sludge, but it has no opportunity of getting much 
beyond the sticky or india-rubbery condition. Any sludge, 
however, which may have collected in the upper piston- 
ring grooves or round the top land of the piston, is subject 
to far more severe temperature conditions, and in an over- 
heated engine may rapidly congeal to a hard cement in 
which the rings become fixed, and piston seizure is then 
imminent. The hard cement found round the top land and 
on the piston top consists very largely of carbon and, 
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together with the similar products on the valves and 
cylinder heads, represents the amount of carbonization 
which has taken place. 

Some carbonization there will always be, on the piston 
top and the walls of the combustion space, even when there 
is no danger at all from stuck rings ; but here again the final 
product is the result of decomposition and partial oxida- 
tion: a high temperature acts first on the oil to form gums 
impregnated with carbon, and then turns these into a black 
solid, hard or soft, dry or oily, according to the design of the 
engine and the adjustment of the oil supply. Most carbon 
deposits have probably gone through an earlier stage when 
their nature was that of a not insoluble gum impregnated 
with soot from the combustion, although the progress to 
the final, hard, insoluble deposit, being continuous and yet 
under different conditions from point to point, it would 
be impossible to separate it into definite stages. 

It may be objected that dry and flaky carbon may some- 
times be found on the piston-top and cylinder-head sur- 
faces with no sign of gummy or caked products. This is, 
indeed, the ideal to be aimed at. We can scarcely hope to 
avoid soot, and the consequent blackening of the oil, for 
reasons explained below, but so long as this is not asso- 
ciated with gum formation to consolidate it into fixed 
carbon there will be no danger to the piston, nor will the 
carbonization on the piston top be serious. 

It has been suggested by Thomycroft and Barton [1] that 
the amount of carbonization with any given oil depends 
entirely upon the behaviour of that oil in the combustion 
space above the piston. Partial combustion of small drop- 
lets of oil thrown off the piston at the top of the com- 
pression stroke is put forward by these writers as the cause 
both of carbon and gum formation, and figures are given 
of the measured weight of carbon on a piston top after 
50 hours running which go to show that only when the 
petrol-air mixture was rich did the combustion of the fuel 
appear to contribute to the weight of carbon collected. 

Undoubtedly most of the finely divided carbon is formed 
on the combustion side of the piston, possibly much of the 
gum also, but an alternative picture of what happens, given 
below, according to which the soot and the gums that 
together make for carbonization are of separate origin, 
appears to fit all the facts rather more readily. Although it 
has been shown that oil is thrown off from a piston in a fine 
spray when an engine is motored at a high speed with the 
cylinder heads off, it must be remembered that engines can 
be run for long periods with so low an oil consumption as 
to make it almost inconceivable that oil could be sprayed 
from the pistons. A 12-cylinder aero-engine, for example, 
of bore and stroke 5x5-5 in., has been run for 100 hours at 
2,250 r.p.m. and -fo full load with an average oil consump- 
tion of 2\ pints per hour. A simple calculation shows that 
this is equivalent to just about 1 cu. mm. of oil per cylinder 
per rev. This oil spread over the cylinder bore would make 
a film 2 X lO”* cm. thick, so that it only needs a film of this 
ultra-microscopic thickness to be burnt off or evaporated 
per stroke to leave nothing left to be thrown off by the 
piston. 

There are good grounds for supposing that a certain 
amount of finely divided carbon, sufficient to produce the 
blackening of the oil, is derived from imperfect combustion 
of the fuel. Within a thin boundary layer near the com- 
paratively cool walls (150''-200° C. at the most) it seems 
certain that complete combustion of the fuel-air mixture 
must be arrested, and some carbon thrown down. This is 
sufficient to explain the presence of some ^nely divided 


carbon in the cylinder-gases during every working stroke. 
Swept in all directions by gas movements, some of this will 
stick to the cylinder walls on which many of the surface 
molecules of the oil film, by the end of the stroke, must have 
been decomposed. During the exhaust stroke the sooty 
and half-decomposed surface of the oil is first overrun by 
the piston and then washed by fresh oil thrown up by the 
connecting-rod big-end. 

This appears to be an adequate explanation of the rapid 
blackening of the oil in the crankcase, and in being quite 
independent of any gum formation it fits in with the fact 
that blackening of the oil can take place in a cold engine 
at moderate speeds, when gum formation would be 
negligible and the oil too viscous to be thrown off the 
pistons. The more rapid fouling of the oil in a Diesel 
engine follows naturally, for in that type the soot in the 
cylinder gases is sufficiently prevalent to be visible in the 
exhaust, at all except light loads. 

There is, however, no reason to suppose that all the 
carbon produced is formed first above the pistons. The 
black varnish found with mineral oils on the connecting- 
rods and on the under sides of ihe pistons may very well 
owe its origin to oxidation of the oil at the metal surfaces 
where it is found. Steel and aluminium are known to be 
active catalysts for the oxidation of mineral oils, and the fact 
that a similar blackening is not found with castor oil, al- 
though the oil itself becomes no less black, suggests that 
the deposits obtained with mineral oil arc due to local 
break-down of the oil. The cleanliness of the metal surfaces 
with castor oil is also to be associated with the acidity 
which accompanies the decomposition of the fatty oils 
(see Chemical Nature of Lubricating Oils by F. B. TTiole, 
p. 2576). The fatty acids formed, if any moisture is present, 
have a faintly corrosive and hence a cleansing effect on the 
metal surfaces. 

Turning now to the question of gum formation, a pro- 
portion of the scorched and decomposed surface film will 
find its way into the ring grooves of the piston during the 
exhaust stroke, and if allowed to remain there at a high 
temperature it will provide the material for a gradually 
stiffening black cement. The early products being soluble 
in the oil itself, a very ample oil supply should prevent the 
amount of gum formed ever becoming serious, even in a 
very hot engine. This has in fact been found to be the case, 
and it is a result which it would be difficult to reconcile with 
the suggested spraying of oil from the piston as what leads 
to gum formation; for this could then scarcely fail to 
become worse and worse the more oil there was to be 
thrown off, whereas if the gum is first formed on the 
cylinder walls an ample oil supply would only facilitate 
solution of the gum without increasing its amount. 

In the crankcase the oil will be sprayed in all directions 
in an oxidizing atmosphere, but the temperature will rarely 
be above 100°-! 50° C,, and with all except the vegetable 
oils the rate of oxidation at this temperature is very slight. 
A certain amount of the semi-oxidized products will be 
washed from the cylinder walls into the crankcase oil and 
will be ready to form sludge at any points where it can 
collect, but apart from the formation of the black varnish 
on the metal surfaces, already referred to, there seems no 
reason to suppose that oxidation proceeds in the crankcase 
to any considerable extent except on the under sides of the 
pistons. 

For a further discussion, and some recent experimental 
results, on the subject of sludge formation, a paper by 
Barnard and others [2] may be consulted. 



THE LUBRICATION OF INTERNAL-COMBUSTION ENGINES 
Carbonization in Relation to Chemical Composition 


The blackening of a lubricating oil by soot formed from 
the fuel being, in itself, harmless, the essential factor in 
carbonisation is the liability of an oil to form partial 
oxidation products of a gummy or resinous nature; and the 
best oil from this point of view will be the one which is 
most stable against oxidation or polymerization at the 
working temperatures. 

The great difficulty in the way of correlating an oil’s 
resistance to oxidation with its chemical composition lies 
in the lack of real knowledge of what the composition is. 
Between the broad classes of the fatty oils and the mineral 
oils there are wide differences of behaviour and composi- 
tion, and the chemistry of the fatty oils is known with some 
exactness. As between different mineral oils, however, one 
has to be content with describing them as Pennsylvanian 
‘bright stock’, a ‘naphthenic base’ oil from Russia, or an 
‘asphaltic base’ from Venezuela, the names signifying no 
more than the source and the type of crude oil from which 
they come. The whole problem would be vastly simplified 
if the components of the mineral oils could be segregated 
from one another and if the stability of the various con- 
stituents in the presence of oxygen could be experimentally 
assessed. In the absence of any such analysis the mixed oils 
of commerce must be treated as a whole, and their reaction 
to oxygen must be assessed indirectly by physical tests of 
viscosity and kindred properties. Such physical tests have 
been widely used for specification purposes. They provide 
a fair general indication of the chemical stability of an oil, 
but the conditions under which oxidation takes place are 
very different from those in an engine, and it cannot be 
claimed that the behaviour of an oil in an engine as regards 
carbonization can be foreseen with certainty by any labora- 
tory oxidation test so far devised. 

The rate of absorption of oxygen by lubricating oils at 
different temperatures has been directly observed by various 
experimenters, one method being to enclose 1 g. of the oil 
in a small cylinder filled with air. The glass cylinder is 
rotated slowly inside an electric furnace at a known tem- 
perature, and the oxygen content of the air is measured 
after various intervals of time. The results are then ex- 
pressed as so many milligrams of oxygen absorbed by a 
gram of oil in 1 hour. 

Without knowledge of what happens to the absorbed 
oxygen, and whether the chemical changes brought about 
by it are not very different in different oils, the test can 
never be a conclusive one of an oil’s behaviour in an engine. 
And there is evidence, moreover, that an oil which in this 
form of test does not readily absorb oxygen may yet show 
up badly in regard to carbon deposits during an engine test. 
The oxygen absorption test is nevertheless of some interest 
in the striking way it differentiates between castor oil and 
the mineral oils; and it is of value also as a way of showing 
up the catalytic action of certain metals in promoting 
oxygen absorption, and its prevention by inhibitors. 

In Fig. 1 are given the results of tests upon castor oil and 
three different types of mineral oil. It is at once evident 
that castor oil is in a different class from the others. It 
readily absorbs oxygen at temperatures above 125'* C. and 
rapidly increases in viscosity. Under the conditions of the 
experiment 1 g. of castor oil at 150° C. absorbed about 
20 mg. of oxygen in 1 hour. None of the mineral oils 
absorbed oxygen appreciably below about 140° C., and 
even at 250° C. the Pennsylvanian bright stock after heating 
for an hour had only absorbed about 10 mg. of oxygen. 
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After 3 hours heating at 250° C. the gummy and oxidized 
oil was still soluble in benzene without residue. 

The Russian oil behaved in a very similar way, but ap- 
peared to be a little more ready to absorb oxygen at 150° C. 
and above, although it showed signs of better stability 
below that temperature. This is shown by the dotted curves 
on the right of Fig. 1 which show the oxygen absorption, 
to a more open scale, at temperatures below 140° C. There 
was no appreciable absorption by any of the oils except 
castor oil below 110° C. 

The asphaltic base oil was definitely inferior to the other 
two mineral oils, the rate of oxygen absorption at 175° C. 
being about the same as that of the Pennsylvanian oil at 
250^" C. This difference between asphaltic oils and those 
of naphthenic or paraffin base is generally in accordance 
with experience on engines. 



Fig. 1. Rate of absorption of oxygen by castor oil and three 
different mineral oils when maintained at various constant 
temperatures. 


The presence of strips of copper, iron, and aluminium 
placed in the oil did not increase the rate of oxygen absorp- 
tion by the mineral oils below 175° C., but tended to make 
the oxidized oil discoloured, thick, and insoluble in ben- 
zene. From the point of view of piston-ring gumming, 
therefore, a cast-iron piston ring in an aluminium piston 
may have a very detrimental effect upon the partially oxi- 
dized oil which is scraped from the cylinder walls into the 
ring grooves. At temperatures above 175° C. the metals, 
especially iron, increased the rate of oxygen absorption. 
When the metals were added in the form of filings or thin 
foil their catalytic effect was much more marked. Iron 
filings, for example, were found to increase the rate of 
oxygen absorption of several oils between 125° and 250° C. 
by as much as eightfold, and aluminium foil as much as 
threefold, when 01 g. of the metal was added to 1 g. of 
the oil. 

Many attempts have been made to inhibit the oxidation 
of oils in the presence of air by the addition of small 
quantities, of the order of 1%, of ‘stabilizers’ such as 
cresol, j9-naphthol, &c., which have shown beneficial 
results in preventing gum formation in volatile spirits con- 
taining unsaturated hydrocarbons. Their beneficial action 
in volatile spirits would naturally be at temperatures not 


2638 


PRODUCTS OF PETROLEUM 


above 20°-30°C. When tested with oils by the oxygen 
absorption method some of them were found to cause a 
reduction of the initial oxidation rate, but after an hour 
or so the effect became less and ultimately disappeared, 
probably as a result of the oxidation of the stabilizers 
themselves. 

To set against the favourable showing of Pennsylvanian 
bright stock in Fig. 1. Thornycroft and Barton [1] have 
given the results of a series of 50-hour duration tests on a 
water-cooled engine which indicate that the addition of 
bright stock to a blend of mineral distillates increases the 
amount of carbon on the piston. Some of these results 
are given in Table I. The oils were prepared from re- 


Table I 

Carbon formation with mineral oil distillates and blends with 
bright stock 



Blend of 
distillates 

Distillates 
80 per cent. 
Bright stock 
20 per cent. 

Distillates 
60 per cent. 
Bright stock 
40 per cent. 

Oil consumption in 50 




hours, pints . . . . i 

1*50 

1-45 

VIS 

Carbon collected from the j 




piston crown, gm. . . j 

0-43 j 

0-90 

1*43 

Viscosity of unused oil by j 


1 


Redwood 1 at 140® F. j 

175*0 

175*0 

190*0 

200® F. 1 

58*0 

1 60*0 

660 


fined distillates of the same origin, and the propor- 
tion of low and high viscosity distillates were adjusted so 
that the different blends with bright stock had approxi- 
mately the same viscosity at 140° F. (60° C.). The results 
must be accepted with caution, not only because of the 
inherent difficulty of getting repeatability in such tests, but 
because, as the authors themselves point out, bright stock 
oils from different sources vary considerably in their carbon 
forming propensities. 

The greater danger with the fatty oils of getting hard and 
gummy carbon deposits on the pistons in a hot engine (as 
distinct from a dirty appearance of the crankcase parts) is 
now generally accepted. It is only what might be expected 
from oils which are first cousins of the ‘drying oils’, and 
themselves absorb oxygen so readily at temperatures well 
below those prevailing in the piston. The figures in Table 
II, also taken from Thornycroft and Barton’s paper, show 
that the addition of 5% of fatty oil to a mineral oil distillate 
caused an increase of rather more than 50% in the amount 
of carbon deposit during a 50-hour run. 


Table II 

The effect on carbon formation of fatty oil added to a mineral 
distillate 


Mineral distillate 
Mineral oil +5 per cent, 
distillate fatty oil 


Oil consumption in 50 hours, | 

pints j 1-55 

Carbon collected from the piston | 
crown, gm | 0-41 


1-45 

0-63 


That a quite small addition of a really badly gumming 
oil should have a large effect upon the carbon deposits is 
only to be expected, when one considers how small a pro- 
portion of the oil consumed is actually concerned in form- 
ing the carbon deposits. During the 50-hour runs quoted 


in Tables I and II, for example, the amount of oil consumed 
was from 1-45 to 1-75 pt., or 650-80) g., while the total 
carbon deposits varied from 0-41 to 1*43 g. They varied, 
therefore, from 0 06 to 018% of the weight of the oil con- 
sumed. This constitutes a serious difficulty which affects 
the reliability of single-cylinder engine tests for classifying 
oils, for clearly quite a small change in the conditions of the 
test might bring about a large alteration in the weight of the 
deposits collected with any given oil, when so large a 
proportion passes out through the exhaust valve in a half- 
burnt condition. 

There are chemical factors, too, unconnected with the 
type of oil as defined by its origin, which have been shown 
to affect the amount of sludge and carbon produced, to a 
degree quite as great as changes in the oils themselves. 
Thornycroft and Barton have given the results of two 50- 
hour tests using oils of the same viscosity, from the same 
asphaltic crude, in which a difference of the refining process 
led to carbon deposits at the end of one test nearly double 
those in the other. 

Other tests at Ricardo’s laboratory have shown that, 
during a 50-hour run in which the oil was circulated con- 
tinuously and the sludge formed in the oil was collected 
in a centrifugal separator during the progress of the test, 
the amount of sludge was increased as much as fivefold 
when i% of water was added to the oil after every 8 hours 
of running. Five different oils were tried, and the smallest 
increase in the sludge caused by the water was 33% in the 
50 hours. Additions of water larger than i% in 8 hours 
produced almost the same results, which were satisfactorily 
repeatable. 

Although no water would normally be present in the 
lubricating system of an engine, there is undoubtedly the 
possibility of the condensation of water from the burnt 
gases during the starting-up period, and of this water 
reaching the oil in the crankcase. The quantity no doubt 
would be small, but might be sufficient to alter appreciably 
the sludging of the oil. 

Oil Consumption 

In any high-speed internal-combustion engine an 
amount of oil which is not less than 0 005 pt. per B.H.P. 
hour is consumed, and the amount may be ten times that 
figure in an engine which is due for overhaul. It may be 
taken that every bit of this consumed oil has by some means 
found its way up past the pistons into the combustion 
spaces; for the amount of direct leakage from the crank- 
case and valve gears can be reduced to a negligible pro- 
portion. 

With the general trend towards high revolution speeds 
in engines for road vehicles this problem of oil consump- 
tion has become an important one; for at high speeds 
the combined effect of reduced piston-ring efficiency with 
wear of the cylinders and pistons may quickly produce 
an oil consumption which is altogether excessive. Even 
in aero-engines, where cylinder and piston wear is usually 
negligible, blockage of the drain holes in the pistons and 
scraper rings may cause a multifold increase in the rate of 
consumption. 

Some of the oil left on the cylinder bores may perhaps 
be completely burnt to carbon dioxide and water, and pass 
out as such through the exhaust valve, but probably the 
larger portion is carried out by the exhaust gas in the form 
of semi-oxidized products and even, when the oil consump- 
tion is excessive, in the form of oil molecules and their 
cracked products. 
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The problem of reducing oil consumption is therefore 
purely one of limiting the amount of oil getting up past the 
pistons to what is necessary for cylinder lubrication; and 
it is of some interest to arrive at a sort of basic minimum 
figure, on the assumption, for example, that a film 1 mole- 
cule thick is removed by oxidation or evaporation every 
working stroke. Taking for the basis of one’s arithmetic 
a 12-cylinder engine of bore and stroke 5 x 5^ in. and yield- 
ing 500 h.p. at 2,250 r.p.m,, and assuming that the thickness 
of a monomolecular layer is between 10 and 20 x 10“® cm., 
then the volume of oil consumed per hour would be from 
about to g pt., or about Jg of the minimum rate of con- 
sumption achieved in practice. 

It has already been stated that even under the piston 
rings there must be a fluid film of appreciable, though 
widely varying, thickness, so that the film of oil left on the 
walls during a working stroke is probably on an average 
several thousands of molecules thick, and we may fairly 
conclude that when a 500 h.p. engine consumes only 2^ pt. 
of oil per hour most of the oil consumed is actually burnt 
or evaporated off the cylinder surfaces, and that there is 
very little preventable waste. 

If an engine can run safely at the minimum figure of 
0 005 pt. per B.H.P, hour, then anything above that rate 
of consumption simply means that more oil than is neces- 
sary is passing the pistons, and the excess is being partially 
burnt or evaporated away; and the reasons why oil con- 
sumptions vary so widely and are sometimes ten times the 
minimum figure must now be considered. 

The physical conditions which control the passage of 
oil up past a piston arc still very uncertain. It used to be 
thought that the movement of oil to the combustion side 
of the piston was influenced by the gas pressure in the 
cylinder, and that the flow of the oil was more rapid when 
an engine was run throttled down because it was then aided 
by the partial vacuum above the piston during the suction 
stroke. This idea was proved to be fallacious by Ricardo, 
with a piston-testing machine in which the oil passing the 
piston was collected and measured while various gas pres- 
sures, ranging from a 20-in. vacuum to a positive pressure 
of 45 lb. per sq. in., were maintained above it. Changes of 
gas pressure were found to have no influence on the amount 
of oil collected. 

The apparent increase of the amount of oil in the com- 
bustion space during throttled running is due to an 
accumulation of that normally passing, because the cycle 
temperatures arc too low for the oil to be burnt and got 
rid of, as it is at full load. When the throttle is afterwards 
opened this accumulation of oil can only be very partially 
burnt, for lack of air, and the consequence is the well- 
known cloud of blue smoke. 

The important factors in oil consumption, apart from 
piston design and the condition of tune of the engine, are 
the design and clearances of the connecting-rod big-end, 
which affect the quantity of oil thrown on to the cylinder 
walls; the viscosity of the oil at the piston temperature; 
and the speed. In a given engine, with a given oil, the rate of 
consumption depends almost entirely on the speed of revolu- 
tion, and hardly at all upon the throttle position. In so far as 
the rate of oil consumption has been shown to increase with 
the load of an engine at constant speed, this is the result of a 
higher piston temperature which reduces the oil viscosity at 
the critical points, where it gets past the rings. 

Some rational explanation of the process whereby the 
oil passes from the under to the upper side of a piston will 
now be attempted. 


The practical man knows that within limits, at any rate, 
the use of a more viscous oil will mean a lower oil consump- 
tion; and that by the addition of ‘scraper’ rings to the 
piston, or by increasing the radial pressure and reducing 
the side clearance of existing rings, the same result can be 
achieved; but how and why the oil gets past the rings at all, 
at the rate that it does, cannot be explained by a reference 
to their ‘pumping action’ as they move up and down in 
their grooves when the piston motion reverses. 

That the passage of the oil past the piston is closely 
bound up with the behaviour of the rings there is no doubt ; 
but experiments to elucidate the part played by them have 
led to puzzling and inconsistent results, and it is clear that 
it cannot be dismissed by a simple reference to their pump- 
ing action. It must be remembered, in the first place, that 
apart from the slight rocking of the piston due to its 



Fig. 2. Typical aero-engine piston. 


clearance and the obliquity of the connecting-rod, the 
motion of the rings and piston is entirely symmetrical, end 
for end. There is therefore no obvious reason why the 
rings should pump oil one way more than another, except 
that fresh supplies of oil are constantly provided from 
below by the connccting-rod big-end. But this docs not 
suffice to explain the one-way flow, for if one pictures a 
ring as shifting from top to bottom of its groove on account 
of the piston reversal, while the ring itself remains stationary 
at the ends of the stroke, any fluid pressure in the oil set up 
by the piston motion will have dropped to zero as it comes 
to rest, and there is then little reason why the oil should 
flow one way more than another just because the supply 
is more ample on the under side. A rather different 
sequence of events to explain the upward flow of oil, w'hich 
docs in fact take place, is outlined below. 

The piston of a high-speed engine normally carries 
both ‘gas’ rings and ‘scraper’ rings. Fig. 2 shows an eleva- 
tion and half-section of a typical aero-engine piston. It 
has 2 gas rings A and B, and 2 scraper rings C and D. 
It is the function of the gas rings to form a gas-tight joint 
between the piston and cylinder, and they are always dis- 
posed in plain, closely spaced grooves near the top of the 
piston. There may be one or two scraper rings, always 
below the gas rings, and if there is more than one, the 
second is often near the bottom of the piston skirt, as at D. 
The scraper-ring grooves are provided with drain holes, £, 
which connect the back of the groove with the under-side 
of the piston, and the rings themselves are commonly cut 
away as shown in the enlarged cross-section at F in the 
Figure. Such a form of ring enables a high pressure to be 
maintained on the cylinder wall and also provides a freer 
path for the oil scraped from the walls during the down 
stroke to reach the drain-holes. The open groove below 
the scraper ring C, also provided with drain holes, is to 
collect, and provide the first path of escape for, the excess 
oil from the cylinder walls. 

The important part played by the scraper ring in the 
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matter of oil consumption has been brought out by 
observations extending over long periods of running. It 
has been found, for example, that in aero-engines engaged 
upon a regular commercial service the rate of consump- 
tion increased from 5 to 25 pt. per hour between the be- 
ginning and the end of a period of 500 hours. After an 
overhaul, and removal of the sludge from the scraper-ring 
grooves and drain holes, the rate of consumption was 
reduced again to the lower figure. 

Since the escape of surplus oil through the drain holes is 
clearly a vital factor, it is a fair conclusion to draw that when 
they become blocked a considerable fluid pressure is created 
below the ring during the down stroke of the piston, as the 
oil is scraped from the cylinder wall and trapped between 
it and the piston-skirt, with no free path of escape. When 
the piston does not carry a scraper ring at the bottom of the 
skirt, the fluid pressure will build-up on the lower side of 
the lowest ring. Normally this would be a scraper ring, 
and a large part of the trapped oil escapes through the 
drain holes to the under side of the piston. Omission of the 
scraper, or its ineffectiveness through inadequate radial 
pressure or through an inadequate size, or blockage of, 
the drain holes, is always accompanied by a high rate of 
oil consumption. 

Some oil is of course left on the walls by the scraper and 
subsequent rings, and this can be understood as due to two 
circumstances. Firstly, no cylinder bore and no piston-ring 
surface is perfectly cylindrical, so that actual contact 
between the two must be only at points round the circum- 
ference, separated by lengths where there may well be a 
clearance of 0 001 cm. or less. And secondly, the scraping 
edge of a ring must be slightly rounded when considered 
on the scale of hundredths of a millimetre, and this, com- 
bined with the unevenness of the surface already referred 
to, may enable the ring to ‘ride-up’ on the oil film in the 
manner of the Michell bearing. Support for this conception 
is provided by the experience that at very high piston speeds, 
of the order of 3,000 ft. per min., something in the nature 
of a critical speed has often been observed at which the 
rings appear to lose control of the oil and the rate of con- 
sumption increases very rapidly [3]. At such a speed one 
may suppose that the average pressure under the working 
surface of the ring becomes equal to the radial pressure due 
to the elastic forces in the metal. The break-down speed 
can be raised by increasing the clastic pressure of the ring 
on the cylinder surface. 

Further support for the view that the piston rings are 
normally separated from the cylinder wall by a film of 
widely varying thickness is afforded by the fact that by 
careful equalization all round of the radial pressure 
exerted by the rings it was found possible to reduce the 
normal oil consumption of an engine by amounts varying 
between 25 and 100%; and also by the observations of 
Mougey [4], confirmed by Ricardo, that, although at 
moderate speeds an increase of viscosity reduces the rate of 
oil consumption, there may come a point in high-speed 
engines beyond which this is no longer true. The pheno- 
menon is only noticeable at high speeds. The rate of 
increase of the consumption with speed of a highly viscous 
oil becomes much more rapid beyond a certain point, and 
its consumption as compared with a less viscous one at 
lower speeds becomes reversed. These are results which can 
be explained on the supposition that the high viscosity, 
while reducing the oil-flow round the back of the rings, 
enables the rings to ride over, and leave behind, a thicker 
film on the cylinder wall. 


The calculation given earlier showed that the minimum 
practical consumption of 2i pt. per hour in a typical 500 h.p. 
engine corresponded to the removal of a film about 25 mole- 
cule diameters thick, or, say, 2-5 x 10~* cm. The average 
film left by the rings due to unevenness of the surfaces may 
easily be many times thicker than that, so that there is no 
need to seek for a further explanation in regard to the 
oil which gets past the rings and is consumed in a well- 
designed cylinder with efficient scraper rings. 

When, however, owing either to the design or to blockage 
by sludge, the fluid pressure built up below the rings is not 
adequately relieved, it seems likely that the excessive oil 
flow past the rings which then occurs is due to a different 
phenomenon. During the descent of the piston, until the 
point of maximum velocity is reached at about mid-stroke, 
the rings must be held against the upper surfaces of their 
grooves by their own inertia, by surface friction, and by 
the fluid pressure which is rapidly building up beneath 
them. Beyond the point of maximum velocity the rings 
will remain at the tops of their grooves only so long as the 
friction force, aided by the fluid pressure, is greater than the 
inertia force on the ring. In a high-speed engine the inertia 
forces are very large. In the typical engine for which the 
oil consumption was given earlier the mass of one ring is 
just under 2 oz. and the inertia force upon it due to the 
deceleration of the piston is, ai the end of the stroke, no 
less than 50 lb. at a speed of 2,250 r.p.m. It is impossible 
to say what the fluid pressure in the oil may be, but one 
may deduce from the mechanical efficiency of the engine 
that the average friction force between one ring and the 
cylinder surface cannot be more than 10 lb. at the outside. 
Direct experiment has shown that, on a piston 5i diam., 
when there are several rings present, the average friction 
force per ring is about 6 lb. It is clear, therefore, that long 
before the end of the down stroke, while the piston velocity 
is still high and while there is still a big fluid pressure below 
the rings, the inertia of the ring will cause it to leave its seat 
against the upper surface of its groove and to move down 
to the lower one. While the ring moves from the top to 
the bottom of its groove there is a free passage open for 
oil to pass round behind it from its lower to its upper side 
under the fluid pressure. As the speed of revolution is in- 
creased, not only is the average fluid pressure increased 
thereby, but also the rapidly increasing inertia force upon 
the ring will cause it to leave its seat earlier on the down 
stroke than before, when the piston velocity is nearer to 
its maximum. 

This picture of what probably takes place attempts no 
more than a qualitative explanation, but so far as it goes 
it does appear to fit all the facts. It is consistent with the 
observed effects of oil viscosity and of the functioning of 
the scraper ring upon the rate of oil consumption, and it 
explains the very rapid increase of the consumption with 
an increase of revolution speed. This variation with speed 
is by no means regular, but has been found to be roughly 
proportional to between the square and the cube, with an 
increase even more rapid when the critical speed already 
referred to is approached. 

The outline given above appears to offer an adequate 
explanation of how the oil gets from the lower to the upper 
side of a ring during the down stroke. The reverse process 
does not happen upon the following up stroke for several 
reasons. For one thing there is no ample supply of oil 
present to build up the fluid pressure above the rings. The 
only oil there is what was left behind after the previous 
stroke. Equally important are likely to be the facts that 
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the main gas rings are near the top of the piston and that 
the piston clearance above the rings is normally greater 
than below them. Instead of having a long and narrow 
space for the fluid pressure to build up in one has, therefore, 
a very short and a wider one. This, and the scarcity of oil. 
are sufficient to explain why the balance of flow is upward 
past the rings. 

Apart from the broad questions of the number and 
design of the scraper rings, there are many points in the 
detailed design of a piston, and its condition, which 
may profoundly affect the rate of oil consumption. An 
increase of the side clearance allowed between the rings 
and their grooves, for example, invariably puts up the 
rate of oil consumption: a fact which is clearly consistent 
with the suggested description of how and why the oil 
gets past the rings; as, also, are the observed effects of 
speed and of the viscosity of the oil at the working tem- 
perature. 

In aero-engine pistons the side clearances of the rings 
arc generally graduated from about 0 008 in. in the top 
groove to 0 003 in. below the second ring; for although the 
smallest clearance would give the lowest oil consumption 
it is found that a small clearance where the piston is very 
hot leads to rapid gumming of the oil in the grooves and to 
sticking of the rings. A clearance of at least 0 008 in. is 
necessary in the top groove to allow the first gummy 
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products of the overheating of the oil to be washed away 
by fresh supplies. 

In road-transport engines wear during service is of great 
importance, both ovalling of the cylinder and piston, and 
also in the form of an increase of the side clearance of the 
rings. Ottaway [5] has given figures relating the percentage 
increase in the rate of oil consumption between the begin- 
ning and end of a running period of 20,000 miles with the 
wear of the top ring groove per 1,000 miles. His results 
covered four different types of piston, for which the rates 
of wear were 0 00012, 0 00025, 0 00027, and 0 00040 in. 
per 1,000 miles. The corresponding increases in the rates 
of oil consumption during the period were 21, 41, 53, and 
140 per cent. The two were thus roughly proportional, 
except for the piston showing the most rapid wear, with 
which the oil control had for some reason deteriorated 
more rapidly. 

The importance of ring groove and other forms of piston 
wear was further demonstrated by running new pistons and 
rings in worn cylinders, and vice versa. In the former case 
the rates of oil consumption were comparable with those 
in new engines, whereas old pistons in new cylinders con- 
tinued to show an excessive oil consumption. 

For much further information about oil consumption in 
road-transport engines the reader is referred to the papers 
by Mougey and Ottaway already mentioned. 
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LUBRICATION PRACTICE 

By Lt.-Col. S. J. M. AULD, O.B.E., M.C., D.Sc., M.Inst.P.T. 

Chief Technologisty Vacuum Oil Company Ltd, 


This article deals with the lubrication of industrial ma- 
chinery of different types, and is mainly concerned with 
the following: 

1 . Diesel engines. 

2. Steam engines. 

3. Steam turbines. 

4. Industrial gears. 

5. Textile spindles. 

6. Refrigeration machinery. 

DIESEL ENGINES 

The purpose of lubrication of these prime movers is firstly, 
of course, to reduce friction between rubbing surfaces. 
There is in addition, however, the important function of 
maintaining effective piston-ring seal so as to prevent 
leakage of the cylinder gases. In practice the lubrication 
of the (power) cylinders, including the sealing function, 
must be considered separately from lubrication of the 
external and subservient parts. 

Cylinders 

It is necessary that the oil film be produced and main- 
tained or renewed effectively throughout the cycle despite 
its exposure to the high temperatures and pressures which 
are encountered at the combustion end of the cylinder for 
a considerable part of the power stroke. This may be done 
by positive lubrication or by oil splash or throw. 

Force feed is generally used in large engines for lubricat- 
ing the cylinder walls, the number of points to which oil is 
fed being dependent upon the bore and stroke. As a rule 
the distance between points in large engines should be 
of the order of 12 in., though this distance is sometimes 
greatly exceeded. The greater the distance, however, the 
more attention must be paid to the selection of the oil to 
ensure even distribution. Increasing the number of points 
does not necessarily increase the consumption, since much 
smaller quantities of oil can be fed to each point. 

In 4-stroke vertical engines the oil is generally introduced 
between the first and second piston-rings when the piston 
is at the bottom of its stroke. In 2-stroke vertical engines 
the feeds are generally located above the ports in such 
positions that only the minimum amount of oil is lost 
through the ports. It is to be noted that with good oil and 
a satisfactory mechanical lubricator in use no choking is 
experienced from the inlets being exposed to the hot com- 
bustion gases. Two-stroke engines of large horse-power 
per cylinder are sometimes given small additional feeds 
about one-third of the stroke from the top to supplement 
the oil film on the parts of greatest wear. 

Horizontal engines of large size generally have three feeds 
per cylinder spaced around the upper half between the 
position of the first and second piston-rings at outer dead 
centre of the crank. Small engines have one feed only. 

When the bearings are lubricated through a circulatory 
system the cylinders may be lubricated by oil thrown up by 
the cranks. In this method of application the oil pressures 
must not be too high or there is danger of excessive lubri- 


cant being thrown on to the cylinder walls. There is also a 
tendency to create an undue amount of oil mist in the crank 
chamber where in the heated atmosphere oil in such condi- 
tion is liable to oxidize. 

In many high-speed engines both cylinders and bearings 
are lubricated by splash. Fig. 1 shows such an arrange- 
ment. The oil is contained in a sump in the crank chamber 
whence a pump delivers it through a filter to trays under 
the big-ends. The specially designed big-ends dip into the 
trays and splash the oil over all the working parts. 

Bearings 

Nowadays almost all compression-ignition engines are 
entirely enclosed, and this design has rendered possible 
the use of either full-force feed circulation or gravity feed 
for bearing lubrication. 

Ring or collar oilers, &c., may be employed both for 
main or subsidiary bearings, the oil being contained in the 
lower part of the bearing housing. When such means are 
adopted it is essential to clean out the reservoirs at regular 
intervals and to replace with clean oil. 

In all these systems, whether circulatory or semi- 
circulatory, as much lubricating oil should be carried as 
practicable. The larger the volume the longer will be the 
life of the oil and the more readily can it be cleaned or 
recovered. 

Selection of Oils 

It is apparent from the foregoing that cylinder and bear- 
ing lubrication ought to be considered separately; yet 
exigence frequently demands that a single oil be used 
throughout even when the cylinders are not splash lubri- 
cated. In such cases a compromise has to be effected, 
and it must be realized that ideal lubrication may not be 
obtained from either system. In these instances the power 
cylinders must be given primary consideration. Here the 
conditions are particularly severe at the end of the com- 
pression stroke and the beginning of the power stroke. 
Temperatures are at their highest; piston rings are being 
pressed against the cylinder walls; and the piston in its 
reciprocating motion slows down and actually comes to 
rest before commencing the return stroke. Under these 
conditions boundary lubrication undoubtedly occurs, at 
east momentarily. 

Choice of oil in these circumstances may certainly be 
guided by specification, but is to a much greater extent a 
matter of experience. It is best founded upon knowledge 
of the oil, of the nature, size, and conditions of operation 
of the engine, and of the method of lubrication. This 
applies even to the relatively simple matter of choice of 
viscosity. Effective distribution is dependent on fluidity 
and the movement of the piston, and if the oil be too 
viscous it is carried along in streaks resulting in poor 
lubrication and incomplete piston-ring seal. On the other 
hand, an oil too light in body, though spreading rapidly 
over the surfaces, may be unable to maintain an efficient 
lubricating film. This will automatically result in liner and 
piston-ring wear and ultimately in piston seizure. 
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The same effect is liable to be produced with oils of 
inferior quality even if fed in liberal quantities. Oils for 
the power cylinders of Diesel engines must be capable of 
withstanding the high temperatures and pressures en- 
countered. Without such stability they are likely to form 
gummy deposits which will interfere with the full movement 
of the piston-rings. 

It is interesting to note how, with the vast improvement 


all-loss systems owing to the greater difficulty of maintaining 
the oil wedge. With circulatory or semi-circulatory systems 
the oil should be readily separable from water and other 
adventitious impurities. It should also be highly resistant 
to oxidation and sludging, not only to ensure its longer 
efficient life in the engine, but to assist in its recovery — an 
important part of all large Diesel lubrication systems. 

Where air-compressors are used it may be necessary, 



Fig. 1. High-speed compression-ignition oil engine arranged for splash lubrication. 
{Courtesy Vacuum Oil Company^ Ltd.) 


in the quality of mineral lubricating oils in recent years, 
there has developed a tendency to use oils of lower viscosity 
for cylinder lubrication. This is quite sound, as is also the 
continued departure from the use of compounded oils. In 
the past compounding was more frequently resorted to 
than nowadays for the purpose of increasing the oiliness 
of Diesel lubricants. There were serious disadvantages 
attached to this procedure, chiefly of gumming and carbon 
formation. Now that even highly refined mineral oils are 
so much better in respect of lubricity the significance of 
compounding for power-cylinder lubrication seems largely 
to have disappear^. 

If a separate oil is used for the bearings it is generally 
less viscous than that for the cylinders, especially in big 
engines. This may not apply where application is made by 

IV 


owing to moisture in the intake air, to use compounded oil 
for the compressor cylinders. This assists in the formation 
of a film which will not wash away. There is, however, a 
growing inclination on the part of engine users to use 
mineral oil whenever the air is not excessively moist. This 
necessitates special attention being paid to draining of the 
intercoolers. Whatever the oil used, however, it must be 
of the highest grade as regards stability and used in the 
smallest possible quantities. 

Selection of lubricating oils for compression-ignition 
engines is frequently made the subject of the framing of 
specifications. The value of such specifications as broad 
classifications may be accepted. Their use is frequently 
accompanied, however, by some danger of misdirection 
and limitation of choice. In this connexion the following 
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specifications recently issued (December 1934) by the Diesel 
Engine Users* Association are of interest: 


Specification for Lubricating Oils for Use on Heavy OH 
Engines 



L.I 

M. 1 

H.l 

Sp. gr. at 60® F. (max.) . 

0-882 

0-885 

0-888 

Closed flash-point (min.) 

400“ F. 

400° F. 

400° F. 

Viscosity Redwood: 




at 70® F. (max.) 

700 sec. 

1,250 sec. 

1,800 sec. 

„ 200° F. (min.) 

50 „ 

56 „ 

68 „ 

Pour-point (max.) 

35° F. 

35° F. 

35° F. 

Colour .... 

clear red 

clear red 

clear red 


or yellow 

or yellow 

or yellow 

Demulsibility 

2 min. 

3 min. 

4 min. 

Total sulphur (max.) 

0-5°/^ 

0-5% 

0-5% 






L.2 

M. 2 

H. 2 

Sp. gr. at 60° F. (max.) . 

0915 

0918 

0920 

Closed flash-point (min.) . i 

375° F. 

375° F. 

375° F. 

Viscosity Redwood : 




at 70° F. (max.) 

1,300 sec. 



„ 140° F. . . . ! 


190 sec. 

230 sec. 

„ 200° F. (min.) . . I 

52 

60 

68 „ 

Pour-point (max.) . i 

35° F. 

35° F. 

35° F. 

Colour 

clear red 

clear red 

clear red 


or yellow 

or yellow 

or yellow 

Demulsibility 

4 min. 

6 min. 

8 min. 

Total sulphur (max.) 

0-8% 

0-8 °/o 

0-8% 


The oil to be a Straight Mineral Oil. 
Method of Testing: I.P.T. 


The two sets of figures are intended to represent different 
qualities of oils. It is stated that the M oils are of such 
viscosities as to meet all requirements from the highest to 
the lowest speeds. For engines running between 240 and 
360 r.p.m. both M and L oils are expected to give satis- 
factory working; for engines operating below 240 r.p.m. 
the M oils are indicated. For engines operating over 1,000 
r.p.m. either M or H oils can be chosen. No mention is made 
of horse-power, piston speed, or other conditions of opera- 
tion. Though specific gravity, colour, demulsibility, and 
sulphur content are specified no attempt is made to measure 
chemical stability in any form. 

As a general guide to the viscosities of oils suitable for 
particular conditions such specifications could be made 
useful. But as they stand they exclude some of the highest 
grade and best-known proprietary lubricants. The practice 
followed by most important engine builders of testing in 
their engines the products of such oil concerns as they think 
desirable, and only approving the use of particular brands 
and grades after long experience or searching test, has much 
to commend it. It ensures that the design, intended use, 
and even the idiosyncrasies of the engine are properly 
catered for. In the long run this method amply repays the 
trouble taken. 


STEAM ENGINES 

The internal and external parts of the steam engine are 
separately and differently lubricated. The former comprise 
cylinders and valves; the latter the bearings. Piston rods 
and valve spindles may be regarded as internal parts. 

Cylinders, Steam Valves, &c. 

Lubrication may be eflfected by direct application of oil 
to the individual parts concerned and with separate feeds 


to the cylinder valves and glands; or it may be done in- 
directly by atomizing oil into the steam line and using the 
steam itself to carry the lubricant to the moving parts. The 
latter is the usual and correct method. In certain cases, 
notably when large engines are under-loaded and atomiza- 
tion poor, it may be essential to take direct feeds to the 
valves. As a rule, however, direct lubrication is only 
adopted as an adjunct to atomization in difficult cases, and 
should be resorted to cautiously because of the difficulty of 
spreading heavy cylinder oils efficiently. Direct feeding is 
accomplished by means of a mechanical lubricator driven 
from a moving part of the engine. 



Fio. 2. Diagram showing a mechanical lubricator arranged 
to feed oil through a check valve and atomizer into a steam 
pipe. {Courtesy Vacuum Oil Company Ltd.) 


The mechanical lubricator is also the best means of 
introducing oil into the steam line. Indeed, modem condi- 
tions of temperature and pressure have made its use almost 
a necessity. By its employment regulated quantities of oil 
are fed to the atomizer in the main steam line and thereby 
ensure economical operation by the use of the minimum 
quantity of oil. The converse is also true in that positive 
mechanical feed prevents all possibility of intermittent 
oil starvation as may happen with other methods. Fig. 2 
shows diagrammatically the arrangement of a mechanical 
lubricator for feeding oil through a check valve and 
atomizer into a steam pipe. 
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The choice of oil for steam-cylinder lubrication is deter- 
mined by the pressure, condition, and subsequent disposal 
of the steam; and by the size, speed, and load of the 
engine. 

Steam Condition^. The higher the pressure the more 
viscous must be the oil in order to cope with the higher 
temperatures involved. Generally speaking, the reverse is 
also true, though special consideration must be given to 
the condition of the steam and the engine design, either of 
which may demand heavier oils even at low pressures. 

High-grade cylinder oils are usually compounded with 
selected animal or vegetable oils. This is particularly neces- 
cessary with wet steam in order to give an adherent and 
tenacious emulsified film which will resist the scouring 
effect of the steam on the working surfaces. The practice 
of compounding is also applied with advantage to saturated 
and superheated steam where the extreme heat calls not 
only for oils of higher viscosity but also of higher lubricity. 
The fixed oil used for compounding is carefully chosen 
according to its purpose; and whereas for wet steam condi- 
tions and low loads and pressures rape oil or blown rape 
oil is largely used, it is desirable for the more severe condi- 
tions of superheat and high speed and load to choose an 
oil of as great chemical stability as possible. 

Other oils are often used. It must be remembered that 
for superheat purposes, apart from choosing an oil of high 
heat-resisting qualities in order to prevent gumming and 
carbon formation, the oil must be readily atomizable. 
Superheated steam is not a good carrying medium for 
lubricating oil. Not only, therefore, must the oil itself split 
up readily, but it is best to introduce it into the steam line 
as close to the engine stop-valve as practicable. 

Where exhaust steam is condensed on surface condensers 
and fed back to the boiler, it may be necessary to use a 
straight mineral oil in order to get ready separation from the 
exhaust steam by an oil extractor. The same consideration 
often applies where the exhaust steam is used in factories 
for process work. In many cases the process steam must 
be wholly free from oil, and this condition can only be 
attained by the use of an uncompounded product. 

Engine Conditions. The viscosity of the oil chosen must 
bear some relationship to the size of the engine, or rather 
to the weight of the working parts. An example of this is 
the support of the pistons in certain horizontal engines. 
Speed is similarly effective, but in the opposite direction. 
Up to a point the higher the speed the less viscous need the 
oil be from the purely lubricating asp>ect. In addition to 
this it will be realized that for high speeds an oil is required 
which will atomize well and which will spread quickly over 
the working surfaces. This can only be obtained from a 
properly balanced oil of relatively low viscosity. 

Engine load is also an important feature in governing the 
selection of the cylinder oil. At normal or high engine 
loading the steam velocities arc high. As a rule this 
condition aids the atomization and distribution of the 
lubricant. There is no cause when operating under such 
conditions for departing from the reasoned choice of any 
oil because of its high viscosity. But at medium or low 
loads, or indeed at anything less than 75% of the engine’s 
rated capacity, steam volumes may be so reduced as 
seriously to affect oil distribution. It may then be necessary 
to use an appreciably lighter oil to attain the degree of 
subdivision required for efficient lubrication. 

With all these varying factors and requirements — many 
apparently operating in opposed directions — it may be 
difficult to come to a conclusion regarding the oil to be 


chosen. More probably with steam engines even than with 
other forms of machinery, the final decision is likely to be 
one based on experience. 

Bearings 

The external lubrication of the steam engine is carried 
out on generally conventional lines. The most important 
feature is the provision of an adequate and regular supply 
of oil. 

If mechanical lubrication is adopted for the steam-line 
feed, then it is likely that this method will also be used for the 
bearings. It is strongly to be recommended. A mechanical 
lubricator with positive feed can ensure absolute precision 
in amount and application, and by this means permit the 
use of minimum quantities and lighter oils. These factors 
are of considerable importance in the efficient and econo- 
mical lubrication of an engine. 

Where it is possible or expedient to use a circulating 
system either pressure-force feed or gravity feed may be 
adopted. In the former a pump forces the oil from the 
main reservoir through the bearings concerned and possibly 
through a filter and cooler back to the reservoir. In the 
gravity system the oil is pumped to an overhead tank and 
passes thence generally through sight feeds to the bearings. 

Whichever method is adopted it is essential that ample 
oil be in use, and that sufficient time be afforded for the 
many impurities collected on the way around the engine to 
settle out. Make-up oil should be added continuously or at 
regular intervals. It may also be possible to arrange for 
continuous treatment of the oil, in which case an aliquot 
part is withdrawn at frequent intervals. This is recovered 
by usual processes of steaming, settling, and filtration, and 
then returned to the system with the make-up oil. 

Splash lubrication in steam engines is practised almost 
entirely on relatively small high-speed types. In these cases 
the engine is vertical and enclosed, the lower part of the 
chamber being utilized as an oil reservoir. The connecting- 
rod big end dips into the oil and splashes it to the other 
bearings. This method of lubrication is very effective, but 
intrusion of water is likely and special oils have to be used 
and special precautions taken to effect its separation. Owing 
to the continuous churning of the oil this is sometimes very 
difficult. In some cases, indeed, no attempt is made to sepa- 
rate the water. A highly compounded oil is used instead, 
and the engine lubricated with the creamy emulsion thus 
formed with the water which has leaked in or condensed. 

Usually, however, a straight mineral oil is used with 
circulating or semicirculating types of lubrication. The 
latter include ring-oiler systems which are very efficient at 
low speeds and much used on crankshaft main bearings. 
Special attention must be paid in all these cases to the 
resistance of the oil to emulsification and to its ease of 
separation from adventitious impurities and sludge. 

The viscosity of the bearing oil is determined other than 
by method of application by the size and type of bearings 
and by speed and load. Operating temperatures are 
generally taken care of in enclosed systems by altering the 
rate of circulation and thereby the transference of conducted 
and generated heat. 

Size of bearing being presumably determined by the load 
to be carried, these points are affected simultaneously. The 
oil must definitely be capable of carrying the load and, 
apart from the accumulation of knowledge in this direction 
and widespread experience of particular grades and types 
of oil, many quite effective methods of calculation of the 
requisite viscosity have been evolved. They are naturally 
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empirical, but have certain value in permitting decision as 
to the margin of safety to be allowed. It is to be remem- 
bered that the larger the bearing the greater the frictional 
surface and the need for good spreading qualities in the oil 
in addition to viscosity. 

Speed, by carrying the oil forward and inducing the 
formation of the all-important oil wedge, is of great im- 
portance in bearing lubrication. The higher the speed up 
to certain limits, the less viscous need the oil be. At low 
speeds, on the other hand, it is most important to have suffi- 
cient body to the oil to ensure the formation of a sufficiently 
strong film. 

Specifications for Steam-cylinder Oils 

So many factors affect the choice of steam-cylinder oils 
that it is quite impossible to do more than give a broad 
guide to the selection of the types which should be used 
under average working conditions. Such a guide is given 
below in concise form. 


Steam-cylinder Oils 



Wet 

steam 

Dry steam over 

I JOO lb. pressure 
, and superheated 
steam up to 
600" F. at engine 
stop valve 

Superheated 
steam over 
600° F. at 
engine stop 
valve 

Specific gravity 

0905 

0-905 

0-905 

Flash-point, open 

500" F. 

550" F. 

575" F. 

Redwood viscosity i 
at 100" F. . 

1 ,400 sec. 

1,900 see. 

3,100 sec. 

„ 140" F. . . I 

410 „ 

580 „ 

855 „ 

„ 212" F. . . , 

94 „ 

: 132 „ 

171 „ 

Compound ingredient ! 

6% 

1 6 

6% 


STEAM TURBINES 

The lubrication of the bearings of steam turbines is carried 
out by force-feed circulation. After being pumped through 
the barings the oil is returned through piping to a settling 
tank, thence through a filter to a tubular cooler, and then 
via a header once more to the individual bearings. The 
quantity of oil passing to the separate bearings is governed 
by regulating valves. When an oil-relay governor is used 
the same oil as for the bearings is generally employed and 
indeed is often supplied by the same pump. In the latter 
case a by-pass and relief-valve drop the pressure to the 
level required for the lubrication system. 

The oil in a steam-turbine circulating system is subjected 
to very severe conditions. It undergoes continuous alterna- 


tion in temperature from the bearings to the cooler; it 
becomes contaminated with water to a greater or less 
extent; and in its rapid circulation it is exposed to oxi- 
dizing conditions which are liable to deteriorate all but 
the most stable oils. 

The most troublesome features in the behaviour of the 
oil are the formation of sludges or solid deposits and the 
formation of emulsions with intruded water. Both are 
ascribable to the oxidizing action of the air under condi- 
tions of heat and moisture. 

The choice of a turbine oil is therefore fraught with 
much importance. If it is insufficiently refined vamish-like 
deposits may result. If it is over-refined the acidic oxida- 
tion products may result in the formation of metallic salts 
and oxides which, by adsorption at the interface between 
oil and water (especially in the presence of soluble oxidation 
products), may form such stable emulsions that the whole 
system becomes poisoned. 

It follows that a turbine oil must be such as to maintain 
a balance between its lubricating value, its ability to 
separate from water, and its type of oxidation. In this 
respect knowledge of a turbine oil can only be acquired, 
as in other cases of lubrication, by observation of its 
behaviour under practical conditions. Nevertheless a pre- 
liminary classification, such as that of the British Stan- 
dards Institution, is of extreme value in excluding oils which 
would be unsuitable. The B.S.I. Specification 489 is given 
below. 

Care of Turbine Oil. 

The greatest care and attention should be paid to the oil 
in circulation if trouble and eventual replacement are to be 
avoided. Samples should be taken at regular intervals — say 
once a month — and determinations made of the separating 
properties and extent and nature of the oxidation. 

Much can be done for the oil by way of design of the 
circulatory system. There should be ample capacity so as 
to give the oil time to rest and permit separation of its 
impurities in the settling tank. The latter must be fitted 
with an efficient drain-cock at its lowest point and, if 
possible, should be baffled so that the pump suction can be 
taken from settled oil. 

In the piping system foaming with its attendant aggrava- 
tion of oxidation can be minimized by avoiding all sharp 
bends and abrupt changes of direction and by stream- 
lining the omnibus return pipe. Suitable means should also 
be adopted for preventing splashing of the oil on its return 
to the tank. Whether to regard the intrusion of water by 
gland leakage as an entirely objectionable feature is a moot 



Viscosity {Redwood No. 7), 
seconds 

1 

Flash- 

Cold test 
{oil to 
remain 
liquid 


At 21° C. j 
(70" F.) 

!§ 

At 9i-i" C. 1 
{200° F.) 

point 
{closed) 
not less 
than 

at all 
tempera- 
tures 
above) 

Grade 

Max. 1 Min. | 

[ Max. 

Min. 

[ Max. 

Min. 

Light . 

450 


75 

60 

1 

40 

180" C. 
(356" F.) 

\ 

0" C. 
(32" F.) 

Medium 

680 


90 

75 


42 

180" C. 
(356" F.) 

0" C. 
(32" F.) 

Heavy . 

Extra 

850 


112 

90 

• • 

45 

180" C. 
(356" F.) 

4-2" C. 
(35-6" F.) 

heavy . 

1,300 

1 

140 

112 


51 

180" C. 
(356" F.) 

+2" C. 
(35-6" F.) 


Sludge 
at 150° C. 
{302° F.) 
not ex- 
ceeding 

Volatility 
{loss by 
evapora- 
tion on 
heating) 
not ex- 
ceeding 

Total 
acidity 
mg. KOH 
per 100 
g- of 
oil 

not ex- 
ceeding 

Demulsifica- 
tion test 
not ex- 
ceeding 

Total 
sulphur 
not ex- 
ceeding 

Dele- 

terious 

sulphur 

% 

1*5 

% 

05 

10 

minutes 

2 

% 

0-3 

nil 

1-5 

0-5 

10 

2 

0-3 

nil 

1-5 

0-5 

10 

4 

0-3 

nil 

1-5 

0-5 

10 

6 

03 

nil 
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point. It is true that in a ‘dry ’ turbine trouble from emul- 
sions is absent. But the water in a ‘wet’ system may assist 
in the removal of water-soluble oxidation products and in 
that way help to maintain a clean system. 

The circulating oil should be cleaned regularly by filtering 
or centrifuging. Centrifuging is best. It is now common 
practice in the larger installations to install a centrifuge 
integral to the system whereby a constant portion of the oil 
is withdrawn, cleaned, and returned. The proportion 
removed and the period necessary to operate the centrifuge 
are, of course, determined by the general condition of the oil. 
It is to be remembered that the best temperature for settling 
is not necessarily the best temperature for centrifuging and 
that, whereas a higher temperature in the main tank may 
facilitate the separation of gross impurities and water, it 
may be desirable to centrifuge at as near atmospheric 
temperature as possible. There may be, and in fact often 
are, impurities — chiefly oxidation products— which arc 
soluble at elevated or operating temperatures but which 
precipitate on cooling. It is for the removal of such 
materials that treatment at atmospheric temperatures is 
desirable. 

The periodical testing of the oil should be directed 
towards noticing 

(a) formation of deposits or sludges; 

(h) increase in specific gravity, viscosity, and neutraliza- 
tion value; 

(c) reduction in ability to separate from water. 

It is definitely not possible to give limits for these figures. 
The nature of a deposit may be far more important than its 
extent. Formation of gummy or resinous deposits must be 
looked upon seriously and steps taken to renew or re- 
condition the oil. This also applies to loss in separating 
power, which may be caused by similar types of material. 

The importance of the nature of the products measured 
by neutralization value (N.V.) has already been touched 
upon. In the case of the oil-soluble petroleum ‘acids’ of 
high molecular weight the formation of which characterizes 
certain oils the N.V. may, without causing any alarm, be 
many times that which would have to be regarded as a 
danger-line in others. What may be of importance in each 
case is the rate of increase. This also applies to the viscosity. 
Any unexplained acceleration of change must be explored. 
It is for such purposes that the maintenance of accurate test 
logs for each turbine is of importance. 

Choice of Steam-turbine Oil. 

For direct connected turbines the oil may be as light as 
possible compatible with its ability to lubricate the bearings 
satisfactorily under all conditions. The most severe condi- 
tions are, of course, those of starting and stopping. The 
grades usually employed are the ‘light’ and ‘medium’ of 
the B.S.I. classification. With increasing loads and 
severity of operating conditions there is nowadays a 
tendency to use the ‘medium’ to a greater extent than 
formerly. 

Where connexion to the driven unit is through gears and 
the same oil has to be used for both bearings and gears, the 
‘heavy’ oil of theB.S.I. classification is generally employed. 
This may be merely a compromise since the gears (see the 
section on Gear Lubrication) may call for a relatively 
viscous oil to withstand the loads transmitted. In such 
cases it may be necessary to have separate circulating sys- 
tems for gears and bearings. The former may possibly then 
be lubricated with an oil of say 260 sec. Redwood viscosity 


at 140° F., whilst a B.S.I. ‘light’ oil of 65 sec. at the same 
temperature is used in the main bearing circulatory 
system. 

Once the grade or grades have been decided upon actual 
choice of the oil should be based upon knowledge of its 
stability under practical conditions. None but the highest 
grade materials should be used. Needless to say, the oils 
must be uncompounded, though search has been made for 
suitable inhibitors or antioxidants with the idea of assisting 
the resistance of the oil to oxidation. 


INDUSTRIAL GEARS 

Correct lubrication is possibly the most vital factor in the 
efficient operation of a gear. Reduction of power losses 
and wear, and incidentally of noise, are direct results of the 
proper choice of lubricant, and are quickly reflected in 
reduction of operating and maintenance costs. 

Gears arc called upon to transmit power under all sorts 
of conditions of speed and load, but consideration of the 
principles of operation will indicate the reasons for choice 
of particular types of oil or grease for individual conditions. 
Gears fall into two main classes — spur and bevel gears, and 
worm and spiral gears. Each type has its own problems, 
but it is to be remembered that in both classes, in addition 
to lubrication, the lubricant must act as a cooling agent. 
Method of application and quantity in use must conse- 
quently be given close consideration in addition to the 
physical and physico-chemical properties of the oil. 

Gear lubrication is different from most other machinery 
lubrication in that in place of the rubbing surfaces being 
flat to flat, or convex or concave to convex, gear teeth are 
convex to convex. The effective area of contact is conse- 
quently very small, and the pressures per unit area are 
proportionately magnified. Moreover, in spur gears the 
existence of the oil wedge is short, and though prolonged in 
the case of worm gears this advantage is discounted by 
other conditions. Generally speaking, then, gear lubrica- 
tion must be classed amongst the most severe and difficult 
of lubricating operations. Even at comparatively low 
temperatures the intense pressures involved frequently 
predicate the existence of boundary lubricating conditions. 
The oil then becomes only secondary to design and manu- 
facture in controlling the power transmission. 

It will be apparent from the foregoing that the selection 
of gear lubricants must be influenced by the nature of 
contact of the gear teeth, by the loads and speeds, and by 
the operating temperatures. These conditions may vary 
from case to case. There is also the question of method of 
application. In addition lubrication may be involved in 
considerations of imperfection of construction or aline- 
ment, both of which arc frequently adverse factors in gear 
operation. 

Spur and Bevel Gears 

In theory the contact between the teeth in these cases is 
along a line; but under load this becomes a band of greater 
or less width according to the correctness of design of the 
teeth and the nature of the metal. The movement is a 
combination of sliding and rolling. The former is at a 
maximum when the teeth first engage, but decreases to zero 
as rolling motion wholly supervenes at the moment of 
passing the pitch line. Thereafter sliding increases to a 
maximum again. Sliding motion can be very hurtful to 
poorly lubricated gears, but it assists in the formation of an 
oil wedge and is consequently of great assistance to lubrica- 
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tion when a suitable product is in use. Rolling motion may 
be very severe in its effect, and is particularly so at the 
moment of its maximum. With increase of load the pres- 
sure may then test the oil film to its utmost. It is important 
to remember, therefore, that load is directly proportional 
to the power transmitted and inversely proportional to the 
diameter and speed of the gear. It is on these factors that 
choice of viscosity and oiliness of the lubricant are based. 
With light to moderate loads, especially at high speeds, 
advantage may be taken of the stability and cleanliness of 
straight mineral oils. But with heavy and ‘very heavy’ 
loads, particularly at low speeds, a suitably compounded 
oil should be used. 

Speed is of particular importance because of the time 
factor involved. At low speeds with high-power trans- 
mission there is time for the oil to be squeezed out from the 
pressure zone and the film ruptured. 

It will be apparent that imperfections in the surfaces of 
gear teeth or faulty design will greatly magnify the normal 
effects of load and speed. Until corrected by running in, 
high spots may result in extreme localization of load with 
development of correspondingly intense pressures at the 
points of contact. Slight faults are likely to be eliminated 
by usage without appreciable damage being done to the 
gears; but serious imperfections may be quite incurable by 
running in or by choice of lubricant, and may result either 
in serious damage to the teeth or need for carrying lighter 
loads than is desired. 

Closely allied to the pitting of gears due to definite 
imperfections is the flaking and pitting frequently noticed 
in new gears, sometimes to an alarming extent. This effect 
is usually on or adjacent to the pitch line. It is probably 
due to eventual formation of fatigue cracks caused by con- 
tinuous subsurface stresses set up from gradual correction 
of teeth engagement rather than to individual faults. Both 
these types of surface wear may be treated with hopes of 
success by the use of specially chosen lubricants. Some- 
times it is sufficient to produce a stronger film merely by 
use of a more viscous oil. In other cases it may be necessary 
in addition to employ a compounded lubricant containing 
fatty oil. This, indeed, is the most usual method. In bad 
cases, more particularly in gears operating at high speeds, 
the temporary use of extreme pressure lubricants may be 
called for. These products, of the sulphurized, chlorinated, 
or leaded type, are capable of maintaining lubricating films 
under intense pressures, and have frequently proved most 
effective in preventing wear during periods of correction. 

Worm Gears 

As in the case of spur and bevel gears, thecontact between 
worm and wheel is along a line which in practice becomes 
a band of definite width. The relative rolling motion 
which goes on at the same time as the sliding of the surfaces 
over each other continually changes the position of this 
band and prevents concentrated wear on any one part. The 
sliding motion is claimed to increase the heat generated on 
the oil due to fluid friction, and hence to produce difficult 
conditions of temperature and pressure. It is certainly 
necessary in worm gears to use an oil of higher viscosity 
and greater lubricity than would be required for spur gears 
transmitting the same power. Increase of load, which is 
directly proportional to the power and inversely pro- 
portional to the peripheral speed of the wheel, magnifies 
this effect and is likely to produce a constant state of 
boundary lubrication in worm gears. 

As in the case of spur gears, the lowc•^ the speed the 


heavier the body of the oil required. High speeds assist tb 
carry the lubricant forward and maintain an oil wedge so 
that oils of relatively lower viscosity can be used and the 
fluid friction thereby reduced. 

Methods of Application 

The method of lubrication of gear sets varies according 
to the design, which in this respect varies from enclosure 
in oil-tight housings to complete openness. For the former 
force- or gravity-feed and splash oiling are generally used. 
For open gears it is customary to oil by hand or to use 
grease. Intermediate between these, scmi-cnclosed gears 
are often fitted with a trough containing lubricant through 
which the lower member passes. 

In force-feed or gravity-feed circulating systems the oil 
must be capable of resisting oxidation even under the 
severe but usual conditions of being sprayed by nozzles 
direct into the gear teeth as they enmesh. Spray is always 
formed to a greater or less extent under such conditions, 
and aeration in this form at temperatures anywhere above 
normal will sludge any but the best oils. Temperatures can 
be kept low by the use of coolers and by keeping a large 
quantity of oil in circulation. These measures are par- 
ticularly necessary if the oil is also to be used as a coolant, 
in which case it is fed to the outgoing side of the gears. 

Oil for circulating systems must separate readily from 
water with which it may become contaminated. Other 
impurities, especially abraded metal and other adventitious 
solids, are removed by filters. It is essential that the oil be kept 
clean if it is to have a long life and do its work efficiently. 

Most of the foregoing remarks apply equally to splash - 
oiling systems in which lower members of the unit dip into 
an oil-bath and carry or splash it to the remainder. With 
spur gears set in a vertical plane a more viscous oil than 
otherwise necessary may be needed to ensure retention on 
the teeth until the moment of engagement. In general, the 
positioning and rotation of the gears must be taken into 
account for the same reason. 

For both spur and worm gears splash lubrication, by 
virtue of the limited opportunity of heat transference, 
demands more viscous oils than force-feed lubrication on 
gears of the same rating. 

Hand oiling of open gears calls for no special description, 
but grease lubrication, especially of heavy-duty gears, may 
be of considerable importance. In steel-mill practice, and 
even on less onerous work where shock loads are en- 
countered, grease and special products of heavy body 
capable of giving a cushioning effect arc much used. Their 
composition is variable and is likely to be determined by 
the specific conditions of operation. For high-temperature 
work they may actually be solids which need to be applied 
hot. Whatever the consistency the gears must be carefully 
cleaned before the first application and the grease be of 
such a nature as to maintain a continuous and adhesive 
film. 

Operating Temperatures 

Temperature control is of much significance in the opera- 
tion of gear sets. The following summary indicates the 
likely causes of temperature rise: 

(1) Metallic friction due to imperfect tooth surface, mis- 
alinement, or insufficient strength of the lubricating 
film. 

(2) Excessive churning of the oil in splash-lubricated 
gears, resulting from too high a level in the gear case. 

(3) Excessive friction due to the formation of gummy or 
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other deposits following the use of an oil of unsuitable 
character and quality, 

(4) Ineffective dissipation of heat, owing to the lack of 
sufficient radiating or cooling surface, or the use of 
insufficient oil in circulatory systems. 

(5) External conditions such as hot surroundings, poor 
ventilation, or insufficient cooling water in units 
employing oil coolers. 

Choice of Gear Lubricants 

As indicated above, it is not generally practicable accu- 
rately to prescribe grades of lubricants for gears without 
knowledge of the individual duties and conditions of opera- 
tion. The following tabulation gives a classification of gear 
oils which may be of some value: 


Once the viscosity has been decided upon, the require- 
ments of good spindle oil are summed up in a high degree 
of refinement and entire absence of tendency towards 
thickening or gumming under the conditions of use. The 
following physical characteristics are typical of spindle oils 
suitable under most conditions for the purposes named: 



Ring-spinning: frames 

j Ring-doubling frames 


for cotton or worsted 

and silk and rayon 


and rabbet h spindles 

twisting frames 

Specific gravity 

0-865 

0-885 

Flash-point, open . 

320° F. 

330° F. 

Pour-point 

Redwood viscositv: 

15° F. 

15° F. 

at 70 F. . \ i 

i 75 sec. 

175 sec. 

„ 100^ F. . 

1 52 1 

83 „ 

„ 140" F. . 

1 40 „ 

50 „ 



Oil 


Spur, helical, and bevel gears. Totally enclosed. Pitch-line 
speed. Feet per nun. 

Worm gears. Totally enclosed. 
Rubbing speed. Feet per min. 

Viscosity 
Redwood 
at 70^ F. 

Viscosity 
Redwood 
at 140^ F. 

Compound 

Cast iron 

or 

bronze 

1 

Steel up to 80 tons i 
per sq. in. i 

tensile strength ( 

Steel 

case-hardened and 
over 80 tons 
per sq. in. 
tensile strength 

Traction ' 

Industrial 

1,200 sec. 

1.500 „ 

2.500 1 
4,000 „ 

1 30 sec. 

175 

260 „ 

400 „ 

525 „ 

750 „ 

\ 

J /o 

7^; 

1,000-2,500 

500-1,000 

200-500 

100-200 

-100 

5.000- ! 
2,500-5,000 

1.000- 2,500 
500-1,000 
200-500 

-200 

1 

5.000- 
2,500-5,000 

1.000- 2,500 
500-1,000 

-500 

i 

i 

all 1 

5.000- 

3.000- 5,000 

2.000- 3,000 

1.000- 2,000 
-1,000 

medium duty 
-500 

heavy duly 


TEXTILE SPINDLES 

The lubrication of textile spindles accounts for a large 
proportion of the light lubricating oil in use. In a large 
cotton mill the spinning department alone may contain as 
many as half a million lubricated spindle bearings. The 
general characteristics of the lubricating oils used are well 
known, but cleanliness and low power consumption are 
very important requisites. 

Ring-spinning frames and ring-doubling frames consti- 
tute the most important and the bulk of the spindles in the 
textile industries. The spindles, which rotate at speeds as 
high as 11,000 r.p.m., revolve in oil-baths carrying inner 
tubes in which the spindles run. Since the clearances 
between these tubes and the spindles arc very fine, the 
circulation of the oil between them is rapid, and it is essen- 
tial that the oil be of low viscosity and high chemical 
stability. Actual lubrication is effected by the oil being 
drawn up on the spindle when in motion and returning to 
the bath by direction of holes or slots in the tube. 

The lower the viscosity of the oil compatible with good 
lubricating qualities, and entire absence of tendency to 
thicken or gum, the greater is the power saving possible. 
The potentiality in the latter direction is marked, since over 
50% of the power called for on the frame may be required 
by the spindles. 

The oil is replenished as required either by lifting out the 
spindle or by use of a detachable oil cup. 

The operation of the spindles on a ring-doubling frame 
for cotton is similar to that on ring-spinning frames for 
cotton or worsted, but the spindles are heavier and may 
require a rather more viscous oil. The same remarks apply 
to the spindles of ring-twisting frames for silk and rayon. 
In ring doubling by the wet method it may be necessary to 
grease the traveller rings and much work has been done in 
the development of suitable greases for this purpose. 


Investigations carried out in eonjunction with the 
‘Shirley Institute’ research centre of the British Cotton 
Industry Research Association led to the development of 
a series of aerated lubricants based upon pure tallow and 
having the following specifications : 

Extra soft .... Melting-point 43° C. 

Soft „ 45° C. 

Medium .... „ 46*5° C. 

The melting-points have a maximum tolerance of plus 
or minus 1° C. 

Such greases will not solidify on the under side of the 
traveller rings, with the result that trouble from broken 
ends on starting up the frame from cold is largely elimi- 
nated. The ‘Extra Soft’ grade is used in the doubling of 
very fine counts at low room temperatures. It is also 
suitable for the rings on silk and rayon twisting-frames. 
The ‘ Soft ’ grade is applied for medium counts or for fine 
counts under warmer conditions; and the ‘Medium’ is 
used for coarser counts under normal conditions. 


REFRIGERATION MACfflNERY 

There are three standard methods of mechanical refri- 
geration: (1) the so-called air system, in which compressed 
air, as an uncondensable gas, loses heat on expansion ; (2) 
the compression system, in which a suitable gas or vapour 
liquefied by compression loses heat on evaporation; and 
(3) the absorption system, in which a gas, generally 
ammonia, is absorbed from cooling coils by water or an 
aqueous solution, the strong solution thus formed being 
evaporated and passed through a condenser to the coils 
again. 

The absorption system involves no serious lubrication 
problems. TTie air system is cumbersome and little used 
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nowadays. The compression system is by far the most 
commonly employed and demands special attention to the 
lubrication of the moving parts. This is the only method 
which is dealt with in the present article. 

The Compression System 

Briefly this consists of the repeated compression, con- 
densation, expansion, and evaporation of a suitable 
refrigerant, which is either a low-boiling liquid or a liquefi- 
able gas. The limits of cooling are set by the physical 
characteristics of the refrigerant and by the available 
temperature of the medium (generally water or air) used 
for carrying away the heat of compression. 

In large- and medium-sized plants the refrigerants are 
usually ammonia or carbon dioxide. For smaller and 
domestic units a variety of materials are available. The 
most important are sulphur dioxide, methyl chloride, and 
dichlorodifluoromethane. 

In all types of refrigerating machinery the problems of 
lubrication are closely bound up with the nature of the 
refrigerants, not only because of the different temperatures 
concerned, but because of their various chemical and 
physical action. The lubricated parts to be considered are 
chiefly the integral parts of the compressor — the pistons, 
valves, and stuffing-box; and the regulator or expansion 
valve which controls the flow of refrigerant from the high- 
pressure side to the low-pressure side. 

Large-scale Units 

It is common practice in modern refrigerating plants to 
use a central oiling system. This consists of a storage tank, 
oil filter, and water separator; and either a pump and sight- 
feed indicators or a mechanical lubricator. In this way the 
oil is used over and over again. 

For the cylinders it is particularly important to judge the 
oil delivery carefully. If too little is used, friction and wear 
may take place and there may be leakage of the refrigerant 
past the piston. If too much oil is used, it will be carried 
over with the refrigerant and interfere with efficient heat 
transference by depositing on the inside of the condenser 
and evaporator coils. Even if otherwise thoroughly suit- 
able, oil in excess may impede the operation of the expan- 
sion valve. 

Stuffing-boxes are oil sealed, generally by pressure 
lubrication to a perforated bush situated between the 
packing rings. Excess oil returns to the crankcase. 

Bearing lubrication is similar for refrigeration plant to 
that of other machinery and calls for no special description 
here. A separate oil may have to be used for the bearings 
of large machines. 

The question of separation and recovery are very special 
features, however, and must be considered closely in 
connexion with choice of oils for internal lubrication. 
The oil separator, especially, is important, since its effi- 
cient operation prevents or limits the quantity of oil 
carried into the refrigerating system proper. Generally, if 
of a simple plate or helical-baffle type, it is situated in the 
compressor discharge line in advance of the condenser. 
The oil, it will be seen, must be of such a nature as 
readily to separate from the entraining gas and yet of such 
viscosity and condition that any carried forward is swept 
on by the refrigerant to a suitable drainage point and not 
deposited on the walls of the working coils or on the 
expansion valve. 

Oil used in refrigerating machines mu^t be absolutely 


anhydrous. Even traces of moisture can affect the opera- 
tion of the plant by freezing to particles of ice which may 
clog the regulator valve. This is equally true of recovered 
lubricant. Such oil as is removed by drainage must be 
completely dehydrated by heat and carefully filtered before 
being returned to the system. 

The general characteristics of a refrigerator oil may be 
summed up as follows: 

(1) It must have ample lubricating qualities to prevent 
wear. 

(2) It must be a straight mineral oil. Admixture with 
fixed oils is bound to result in gumming, in the forma- 
tion of deposits, and in emulsification. 

(3) The pour-point must be sufficiently low to allow the 
oil to remain fluid at the evaporation temperature of 
the refrigerant. This also ensures complete absence 
of wax, or other material, which might be deposited 
in the system. 

(4) The oil must be highly resistant to heat and oxidation. 
Compression temperatures are high and a certain 
amount of air is liable to gain access to the system. 
Despite frequent drainage and filtration the system is 
liable to contain small quantities of abraded metallic 
oxides, of which copper oxide is particularly active 
as a catalyst. Condenser coils of carbon dioxide 
machines are frequently of solid drawn copper. 
Under these conditions it is all too easy to produce 
gummy oxidation or polymerization products from 
the oil. 

(5) It must be chemically inert towards the refrigerant 
in use and not adversely physically affected thereby. 

For ammonia and carbon dioxide machines an oil should 
be chosen meeting the above requirements and of the 
following approximate physical characteristics: 


Pour test 


. -20° F. 

Flash-point, open 


. 370° F. 

Redwood viscosity at 

70" F. 

. 575 sec. 

»» »» 

100° F. 

. 205 sec. 

»» *» 

140° F. 

80 sec. 

,, ,, 

200° F. 

42 sec. 


Automatic Refrigerators 

Relatively small units such as are used in hotels and 
stores and also for domestic purposes are generally auto- 
matically operated by means of thermostats and refrigerant 
circulatory controls. They are fully enclosed. Internal 
lubrication is effected by an oil which in some cases is 
deliberately circulated with the refrigerant and in all cases 
comes into intimate and almost continuous contact with it. 
The behaviour of the lubricant under such conditions must 
consequently be taken carefully into account. 

Methyl Chloride. When this refrigerant (b.p. --24° C.) 
was first introduced it was considered necessary to use a 
lubricant insoluble in it, and for a while glycerine was 
frequently employed. It was quickly found, however, that 
owing to the ready absorption of moisture by the glycerine 
it could not be used unless carefully protected from the 
atmosphere. 

It is now fully realized that properly chosen mineral oils, 
although soluble in methyl chloride in all proportions, are 
the most suitable lubricants for this type of machine. At 
the compressor temperature and pressure the methyl 
chloride in the compressor does not sufficiently dilute the 
oil materially to reduce its lubricating efficiency. Moreover, 
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experience has shown that under the conditions of opera- 
tion the viscosity of the mixture of mineral oil and methyl 
chloride is not sufficiently lowered to imperil in any way 
the usefulness of a properly constituted oil. 

It is also to be noted that solutions of oil and methyl 
chloride, of the concentration produced in a properly 
designed refrigerator, boil at only very slightly higher 
temperatures than pure methyl chloride, and therefore have 
only inappreciable effect on the temperatures reached in 
the refrigerating machine. 

A suitable oil for methyl-chloride machines has identical 
properties to those given above for ammonia and carbon 
dioxide machines. 

Ethyl Chloride. This material is used in certain low- 
pressure refrigerators, the boiling-point of the pure 
refrigerant being + 1 C. Lubrication is not so straight- 
forward as in the case of methyl chloride owing to the 
system being liable to periodic flooding with actual liquid. 

As mineral lubricating oil is soluble in all proportions 
in ethyl chloride, it is usual to employ as lubricant glycerine 
or a mixture of glycerine and ethylene glycol. If a mineral 
lubricating oil is used, it must be of sufficiently high vis- 
cosity to retain appreciable body even when widely diluted 
with the liquid refrigerant. 

Dichlorodifluoromethane. This liquid is used extensively 
in domestic refrigerators under various trade names and 
possesses properties claimed to be almost ideal. Its boiling- 
point is —30° C.; it is non-toxic, non-inflammable, and 
non-corrosive. As, however, its boiling-point is nearly the 
same as that of methyl chloride, it is equally liable to cause 
vapour or liquid dilution of the lubricating oil. For some 
reason the mineral oil generally employed for use with this 
solvent has usually been of hi^er viscosity than that used 
in conjunction with methyl chloride, but this is not strictly 
necessary, 

A typical suitable specification is as follows: 


Pour-point 20^" F. 

Flash-point (open) 385"* F. 

Redwood viscosity at 70" F, . . . 850 see. 

„ „ 100° F. . . ,285 

„ „ 140° F. . . .100 „ 


Sulphur Dioxide. In modern sulphur dioxide machines 
the refrigerant may be in very intimate contact with the 
lubricant and, in some cases, the machine depends for its 


efficiency on the deliberate carrying over of oil with the 
gas and subsequent separation of the oil from the liquid 
SOg. It is essential, therefore, for the lubricant to possess 
very special properties. 

In the first place, liquid sulphur dioxide is capable of 
dissolving certain fractions of mineral oils, and these frac- 
tions are frequently of a different nature from the bulk of 
the oil. It is necessary, therefore, that the lubricating oil 
should cither have been previously so treated with SOj as 
to have the bulk of its sulphur dioxide soluble constituents 
removed, or else be of such a nature that the fraction dis- 
solved and subsequently left behind when the liquid SOg 
vaporizes is not waxy or sticky, or in fact of different pro- 
perties in any way from the ideal lubricant. 

In the second place, there must be no chemical action 
between the sulphur dioxide and the oil, or between sulphur 
trioxide and the oil. Sulphur trioxide may be present in 
impure liquid sulphur dioxide, or it may be formed in 
small quantities by oxidation during operation, especially 
if the oil be in contact with iron oxide. Even the minutest 
traces of moisture will produce from SOg and SO 3 sul- 
phurous and sulphuric acids respectively. Not only are 
these acids intensely corrosive towards all metallic parts 
with which they may come in contact, but the sulphuric 
acid, particularly, is capable of charring any oil which has 
been insufficiently refined, with the formation of carbo- 
naceous material. Should such action take place, there 
is likely to be trouble. With these small machines the 
clearances are very small, and even the slightest deposi- 
tion of gummy or carbonaceous material is enough to 
cause sluggishness in operation, and sometimes actual 
seizure. 

For these reasons the ideal lubricant for sulphur dioxide 
machines should not darken appreciably even after con- 
tinued contact with sulphur dioxide, and it should pre- 
ferably not darken even when allowed to stand in contact 
with concentrated sulphuric acid. The oil must therefore 
be highly refined. Other characteristics should be approxi- 
mately as follows: 


Pour-point —35° F. 

Flash-point (open) 350° F. 

Redwood viscosity at 70° F. . . . 290 sec. 

„ „ 100° F. . .125 „ 

„ „ 140° F. . . . 62 



METAL WORKING OILS 

By P. BEUERLEIN, V.D.I., Hamburg 


In the fabrication of steel and iron metal cutting oils are 
extensively used. They may be divided as follows: 

1 . Oils for metal working in which cuttings are removed. 
Included in this class are the true cutting oils, used in 
boring, milling, turning, and other cutting operations. The 
oil serves the purpose of lengthening the life of the tool, 
reducing the friction between tool and work, improving 
the surface finish, and, in many cases, of conducting away 
the heat developed in the cutting operation. 

2. Oils for metal working in which no cutting is involved. 
Such oils include those used in wire-drawing, pressing, and 
cold rolling. They serve to reduce the friction between tool 
and material and to improve the finish of the surface. 

3. Tempering oils and similar products, used for quench- 
ing, tempering, and annealing operations, in which a liquid 
bath is necessary. 

4. Anti-corrosion oils, used to protect the finished work 
from surface corrosion. 

5. Oils used for ‘burning’ on to the finished work, to 
give a black, rust-resisting finish. 

Class 1. Metal Cutting Oils 

In cutting oils of the first class, differentiation is made 
between straight cutting oils, which are used as delivered 
from the manufacturer, and the so-called water-soluble 
oils, which are mixed with water before use, to form a white 
emulsion. Formerly vegetable and animal oils were mostly 
used as cutting oils. This is no longer the case, as these 
oils, on account of their unsaturated compounds (high 
iodine number), tend to rcsinify and in consequence may 
interfere with the feed and the mechanism of the automatic 
machines. At present very good results as regards cuttings 
and long life of the tools are being obtained with mineral 
cutting oils, without their having the above-mentioned dis- 
advantages. Mineral cutting oils frequently contain sul- 
phur in order to improve lubrication at the point where 
cutting occurs. Very high sulphur content causes the oils 
to become black and opaque. As this property is unde- 
sirable for certain purposes, there are limitations to the use 
of such high sulphur-content oils. No oils containing sul- 
phur should be used for working bronze and similar copper 
alloys, or the work will become discoloured. In such cases 
pure mineral oils are used, which, in addition, are more 
stable towards the marked catalytic activity of these metals. 

The viscosity of these cutting oils should not be less than 
1-8® E. at 50"" C, and the flash-point not less than 140'’C. 
These analytical data, however, give little information on 
the behaviour of the oil during service, and reliance must 
be placed on the results of practical testing for this. The 
testing of the oil is carried out in the following manner: 
Under similar conditions of cutting and material worked, 
the number of finished pieces of work (e.g. cogwheels) 
which can be produced before the tool has to be reground, 
through becoming blunt, is determined. The greater the 
number of finished pieces produced under such comparable 
conditions the better the cutting oil (see Fig. 1). 

The cutting action is influenced not only by the com- 
position of the oil, but also to a considerable degree by its 
manner of application. The oil should overflow the cutting 
edge of the tool in a regular wide strerun, adequately 


wetting both tool and work. The amount of oil introduced 
should not be less than 1 5-20 litres per minute, this amount 
being increased in accordance with the number of tools in 
use in the machine. Straight cutting oils — in contrast to 
water emulsions — should be used for difficult operations 
(four-spindle automatics, screw-cutting, &c.), and in cutting 
metals offering high resistance, such as the high alloy steels. 
Straight oils should also be used on principle in the case 
of automatics, milling machines, &c., where there is a 
danger that an emulsified oil, through overflow of the 
machine parts, may drive out the lubricating oil from the 
bearings and key grooves, thereby causing undue wear. 



Fig. 1. 


In many cases an oil emulsified with water (termed a 
‘water-soluble’ oil, and sometimes a ‘boring oil’) is used 
in cutting operations. These oils consist for the most part 
of a solution of a soap in mineral oil, in which the total 
fat content should not be less than 80%. These oils are 
emulsified with water in the proportion of 1:10, or as 
required in stronger or weaker mixture. Their use is recom- 
mended when relatively light cutting operations are in- 
volved, and especially when great cooling capacity is 
required. Testing for suitability in the removal of cuttings 
is carried out in a similar manner to that of straight cutting 
oils (Fig. 2). Their capacity for emulsification with water 
and the stability of the emulsion is tested as follows: in 
a 1 : 10 solution of the oil in water no clear oil layer should 
separate after standing 24 hours at ordinary room tem- 
perature. Hard, lime-containing water is unsuitable for 
producing the emulsion. In such a case the water should 
be softened by the use of sodium carbonate in accordance 
with the following formulae: 

1 German degree of hardness 

— 10 mg. CaO (calcium oxide, quicklime) in 1 litre of water 

- 18*9 mg. NaaCOj (anhydrous sodium carbonate) 

^ 51 mg. NajCOa-lOHjO (sodium carbonate crystals). 

During its use in the machine the emulsion is continually 
losing oil, the oil tending to segregate on the metal surfaces 
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to the exclusion of the water, and consequently periodic 
examinations must be made to observe whether the emul- 
sion still contains sufficient oil. The testing flask, illustrated 
in Fig. 3, may be used, the emulsion to be tested being 
poured in as far as the lower graduation, and hydrochloric 
acid added to the upper graduation. The oil separates as 
a distinct upper layer, its percentage being read off directly 
from the divisions on the neck of the flask. 



In the case of grinding operations a cooling liquid should 
be used containing a proportion of not more than 2% of 
a soluble cutting oil. The oil should emulsify particularly 
well if uniform and consistent emulsions are to be obtained 
with such small concentrations. With a higher proportion 
of oil, trouble may be experienced through clogging of the 
grinding wheels and through accumulation of sludge from 
the grinding dust. 

In working cast iron and malleable cast iron emulsified 
boring oils are used exclusively, since the friable cuttings 
cannot be satisfactorily washed away when a straight cut- 
ting oil is used. 

Class 2. Drawing and Pressing Oils 

The cutting and boring oils described previously may 
also be used for such operations as wire-drawing, pressing, 
and cold rolling, in which no cuttings are detached, pro- 
vided that no special demands are made. In this case also, 
fatty oils of animal or vegetable origin have the disadvan- 
tages pointed out in the previous section. 

The suitability of wire-drawing oils, &c., is tested by com- 
parative measurement of the force required in the drawing 
operation. For wires, &c., the force may be measured 
by means of ring-shaped gauge chambers. According 
to the experiments of Pomp and Koch, the relative efficien- 
cies of fatty and mineral oils are such that, as in the case 
of cutting oils, there is no valid reason for preferring 
fatty oils. 

Fats or greases are also used to a certain extent in 
drawing operations, as in the preliminary drawing of wires. 
There is no precise line of demarcation for the preferential 
use of a straight or of an emulsified oil for drawing. A 
straight drawing oil should be used in the case of highly 
resistant material and hard draws. In all other cases an 
emulsified oil will suffice. Such oils are mixed with water 
in the proportions of 1:1 up to 1:40, according to re- 


quirements. The working material and not the tool should 
be lubricated. In wire drawing, it is of particular import- 
ance that the lubricant used should have a high degree of 
oiliness. 

In the cold rolling of steel and non-ferrous metals it is 
necessary that the work is wetted with a suitable lubricant 
during rolling. During cold rolling, one or more annealings 
of the material are generally necessary, and during such 
annealing unsuitable oils used in the rolling and remaining 
on the work tend to leave a residue, termed ‘spill’ (Fig. 4). 
The formation of this residue may be a source of con- 
siderable trouble, as in many cases it cannot be removed 
even by pickling. Therefore, to obtain a satisfactorily clean 
surface, oils must be used which leave no residue on igni- 
tion, and yet arc sufficiently viscous to give satisfactory 
rolling. Such oils arc known as ‘bright-rolling oils’. It is 
in any case necessary to use the oil sparingly on the material 
to be rolled, since an appreciable residue is formed from 
clean-rolling oils if used in excessive quantity. To remove 
excess oil, the device shown in Fig. 5 may be used. 



Fig. 5. 


The increase in speed, and deformation, during the cold 
rolling process causes such pronounced heating that it may 
be necessary to cool the rolls and material. Straight oils 
are no longer satisfactory for this, and in such cases an 
emulsion with water having a much greater cooling capa- 
city is used. Care must be taken that the oil content of the 
emulsion is maintained constant, the apparatus illustrated 
in Fig. 3 being used to observe any change. 

In choosing suitable oils particular attention should be 
paid to the cleaning arrangements available, through which 
the material to be rolled should be passed before annealing. 

In the lubrication of the roll bearings very viscous oils 
or fairly stiff* greases are used, capable of resisting high 
bearing pressures. Such lubricants leave a pronounced 
residue on ignition, and great care must therefore be taken 
that the bearing lubricant cannot leak on to the rolls and 
contaminate the work. To prevent this, cotton waste may 
be applied to the rolls, but it is preferable to arrange the 
bearing construction and the lubricant application so that 
contact with the rolls is impossible. 

Class 3. Quenching, Tempering, and Annealing Oils 

In considering oils used in the heat treatment of metals, 
distinction is drawn between quenching and tempering oils 
and annealing oils. 
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PRODUCTS OF PETROLEUM 


In the case of quenching and tempering oils, account 
must be taken both of the heat transfer between the work 
and the bath liquid and of the change induced in the oil 
through frequent contact with the glowing steel and hot 
scale. A good tempering oil can be recognized by the inter- 
action (between oil and steel). Until recently it was cus- 
tomary for traditional reasons to use animal or vegetable 
oils or mixtures of these with mineral oils. It has previously 
been pointed out in the case of cutting oils that fatty oils 
have a pronounced tendency towards deterioration on 
account of their chemical structure. This is far more pro- 
nounced in tempering operations during which the oil is 
continuously used at high temperatures, at which deteriora- 
tion is most rapid. The following figures give some idea 
of the change in a rape-seed oil after 200 hours' use in 
a tempering bath : 


Deterioration of Rape-seed Oil 


Data 

I Unused oil j 

Used oil 

Viscosity, " E. at 20^ C. . 

. 1 12-8 i 


M „ 50'^C. . 

4-20 ; 

23-9 

Specific gravity 

. ! 0-915 

0 941 


In addition it was reported that the used oil showed a 
viscosity comparable with cylinder oil, with separation of 
a carbonaceous deposit and gelatinous sludge. The oil 
showed pronounced foaming, and it was impossible to give 
the correct hardness to the work. 

The deterioration of tempering oils is still more pro- 
nounced when salt baths are used. In tempering processes 
salt baths are being used to an increasing extent as their 
advantages are more generally recognized. When the steel 
pieces, having been heated in the salt bath, are removed 
for chilling in the oil, a more or less considerable residue 
of salt always remains on the work. This layer of salt has 
the great advantage that air is excluded from contact with 
the surface of the work, so that oxidation is prevented. 
On the other hand, it has the disadvantage that at high 
temperatures the salt may enter into reaction with the 
tempering oil. An unsuitable oil, such as a fatty oil, is 
rendered useless through the consequent saponification. In 
addition the saponified layer adhering to the work is very 
difficult to remove. A mixture of fatty and mineral oils is 
similarly unsuitable here, for, corresponding to the propor- 
tion of fatty oil present, saponification caused by the salt 
sets in, with rapid deterioration of the oil. 

In salt-bath tempering, therefore, only pure mineral oils 
should be used. The following simple test will indicate 
whether or not a pure mineral oil is involved. Unsaponi- 
fiable oils (such as pure mineral oils) are not attacked on 
heating with caustic potash. If, however, the oil contains 
even a small quantity of saponifiable matter, it will show 
an increase in viscosity, or even gelatinization, when heated 
in a test-tube with a small quantity of caustic potash. 

A good tempering oil should have a viscosity of not less 
than I S"" E. at 50° C., and a flash-point of not less than 
140° C. Too much emphasis should not be laid on the 
flash-point, however, as fires may easily be caused when 
large pieces are placed in the tempering bath. Such fires 
may readily be extinguished by means of covering devices. 

If too high a viscosity is chosen, the losses through 
adherence to the work, and through dripping, will be exces- 
sive when the work is removed from the oil bath. Apart 
from this it is a general rule that an oil chills more effectively 
the lower its viscosity. The chilling capacity of an oil may 
therefore be increased, to some extent, b/ raising its tem- 


perature, with resultant decrease in viscosity. The tempera- 
ture used should not exceed approximately 100° C. 

In many cases attempts have been made to use distillate 
oils in large tempering plants on account of their economy. 
Experiment has shown, however, that this procedure is 
not to be recommended. Cracking of the oil occurs upon 
introduction of the hot metal, which may lead to the pro- 
duction, at localized places, of the ‘spheroidal state’ at 
the oil/metal interface (Leydenfrost phenomenon). This, in 
turn, leads to uneven heat transfer, with possible produc- 
tion of localized strains, and lines of weakness in the work. 
In addition, increased loss of oil occurs with the cracking. 
The relatively large proportion of unstable constituents 
not removed by refining also causes excessive deterioration 
and sludging of these distillate oils. 

Latterly, so-called ‘non-sludging’ oils (clean tempering 
oils) have been introduced to some extent. As their name 
implies, these non-sludging oils keep the tempered work as 
free as possible from adherent oil crust, with consequent 
retention of its clean surface. The use of such oils is, how- 
ever, of little value if oxidation has already been allowed 
to take place during heating. Non-sludging oils are parti- 
cularly important in salt-bath tempering, saponification 
being prevented and the condition of the surface of the 
work preserved. In addition it is found with such oils that 
the adherent layer of salt on the work scales off* very readily 
in the tempering bath. 

Oils used in large tempering plants require particular 
attention during working. It is always advisable to arrange 
for a satisfactory dipping procedure, to avoid localized 
overheating of the oil, and obtain rapid cooling. In certain 
circumstances it is even advisable to set up a stirring 
apparatus in the tempering bath, as more heat is led away 
from the work by efficient agitation than by excessive 
cooling. It is also advisable to arrange for filtration (pre- 
ferably continuous) of the oil in a subsidiary circuit to 
remove scale and sludge. 

If pipe coolers (using water cooling) are incorporated in 
the plant, the cooling water should be at a lower pressure 
than the oil flowing through, to diminish the possibility of 
water leakage into the tempering oil. The presence of water 
in a tempering oil leads to excessive foaming and violent 
spitting during the quenching operation. In such cases the 
water should be removed by careful evaporation, otherwise 
satisfactory tempering is impossible. 

In general, the same oils are used for tempering as for 
quenching. 

Annealing oils, as the name implies, are used to anneal 
tempered and other work. Here the flash-point of the oil 
is the chief factor determining the temperature at which 
the oil may be used. Since oils with a flash-point of over 
350° C. are not available, the upper temperature limit for 
the use of an annealing oil is approximately 340° C. Above 
this temperature other annealing agents must be employed, 
such as salt baths, lead baths, &c. Particularly high de- 
mands are made on annealing oils, in so far as the bath is 
maintained at the annealing temperature over long periods. 
Because of their high flash-point, cylinder oils only are 
applicable. The viscosity should be not less than 2*5° E. at 
100° C. and the flash-point not lower than 240° C. Oils 
should be used having the smallest possible asphalt content 
and the least possible tendency to form asphalt during 
service. The analytical data of an oil, however, do not 
always give an adequate picture of its behaviour in practice, 
and should be supplemented by practical experiment. 

In annealing operations where temperatures of 220° C. 
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are not exceeded, it is preferable to use a non-sludging 
type of oil. 

Class 4. Anti-corrosion Oils 

It is often necessary to protect the parts which have been 
tempered against subsequent corrosion. This is particularly 
important in the case of salt-bath tempering, when care is 
not always given that the salt residue is thoroughly washed 
away during immersion in the tempering bath; it is then 
necessary to follow with a vigorous spray of hot water for 
final cleansing. To protect the work against subsequent 
corrosion, containers are set up in the salt-bath tempering 
plant which are filled with so-called anti-corrosion oils. 
These oils are used in the form of an emulsion with water, 
in the proportion of 1 : 10. The parts to be protected are 
simply dipped into this mixture and, after the water has 
been evaporated off, a thin but tenacious film of oil is left 
behind which affords protection against all kinds of cor- 
rosion. If the material is to be stored away for a consider- 
able period, the protection process should be repeated from 
time to time. 

Recently another kind of protective process has assumed 
importance. The finished rolled material (steel, light metal, 
&c.) which is subsequently to be used in the production 
of tins or wrapping bands is liable to excessive corrosion 
through condensation of moisture. Such condensation, 
caused by differences of temperature and weather, cannot 
be controlled and some form of protective coating is 
essential. Formerly this was supplied by fatty oils or vase- 
line, but, as shown by experiments at the Duren metal- 
works (Fig. 6), no satisfactory degree of protection against 
such corrosion is given by vaseline or mixtures of fatty oils, 
the moisture penetrating through the protective layer and 
still causing corrosion. The most satisfactory form of pro- 
tection is found to be an oil capable of self-emulsification 
(English Pat. no. 408,896). This oil neutralizes the effect 
of any condensation which may have taken place as well 
as any formed later. Fig. 7 shows that no corrosion appears 
even after several weeks’ storage. 

The application of this anti-corrosion oil may be either 
by hand or by means of spraying guns. When applied by 
hand, the addition of 10% of kerosine is recommended 
in order to give a mixture of good covering capacity. Such 
an addition does not harm the action of the oil. When 
using spraying guns it is advisable to make use of spraying 
tables which facilitate application of the oil and auto- 
matically recover any surplus of oil applied. In the case of 


strip metal which is subsequently to be rolled it is advisable 
to undertake the preserving process during rewinding. The 
anti-corrosion oil is equally suitable for steel and non- 
ferrous metals. In many cases it is desirable to maintain 
a particularly strong and tenacious film protective on the 
work. Approximately 10-25% of a viscous mineral oil 
should be mixed with the anti-corrosion oil, its capacity 
for self-emulsification being not harmed thereby. 

Class 5. Oils for Blackening Steel and 
Iron Surfaces 

When necessary to improve the surface of machine parts 
by blackening, and in addition to protect them from rust- 
ing, some form of chemical treatment has been adopted in 
the past, a procedure both costly and difficult to operate. 
Alternatively, machine oil was applied to the heated parts 
and subsequently burnt slowly off. This operation is un- 
pleasant for the workers, owing to the heavy smoke formed, 
and it is difficult to ensure even burning-in of the oil on 
the surface treated. Latterly it has been found that an 
emulsion of a suitable oil with water is particularly satis- 
factory. The heated parts are dipped in the emulsion and 
cooled ; after cooling they are removed. Through vaporiza- 
tion of the water content of the emulsion a thin film of the 
emulsified oil remains and is subsequently burnt into the 
surface of the material. The finished work has a fine, 
regularly black appearance and resists rust well. This pro- 
cess is distinguished by its economy, as in the circumstances 
the addition of only 2-3% of oil to the water is necessary. 
The choice of the oil is of importance, for only an oil with 
a very strong fat basis can be used. It is also important 
to maintain the proportion of oil in the emulsion exactly. 
For this purpose the same apparatus shown in Fig. 2 may 
be used. 

When metal cutting oils are used, trouble is sometimes 
caused through skin disease contracted by the workers. 
Such phenomena are present to some extent with all 
mineral and fatty oils, and in addition certain persons are 
particularly sensitive to them. In most cases the infection 
is started through small skin wounds caused by the mechan- 
ism operated or by the metal cuttings. In many cases 
workers do not pay sufficient attention to skin cleanliness. 
The British Government has published a pamphlet dealing 
with the desirable preventative and protective measures 
(no. 397, London, H.M. Stationery Office), and it is 
strongly recommended that factories should follow the 
measures outlined in this pamphlet. 
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SYNTHETIC LUBRICATING OILS 

By F. C. HALL, Ph.D., A.LC., A.M.Inst.P.T. 

Department of Oil Engineering and Refining, University of Birmingham, England 


Although the extent of natural petroleum resources 
appears adequate to supply the demand for lubricating oils 
for many years, a considerable amount of research has been 
and is being carried out on their synthetic production. This 
may partly be attributed to economic conditions, particu- 
larly in the case of those countries with no indigenous 
sources of petroleum, and also to the possibility of synthe- 
sizing lubricants of higher grade or of more specialized 
characteristics than those now available. At the present 
time the trend is almost entirely in the direction of employ- 
ing lubricating oils of predominantly hydrocarbon constitu- 
tion, although non-hydrocarbon oils, such as fatty oils, 
continue to be used to a small extent. It would appear that 
this preference for hydrocarbon lubricants is likely to per- 
sist, with an exception made in the use of relatively small 
proportions of blending materials for improving oiliness, 
oxidation, stability, or other properties of the oil. This 
article is therefore confined to the synthesis of hydro- 
carbon lubricating oils. Before discussing the methods 
available for these syntheses, brief attention will be given 
to the constitution of petroleum lubricants. 

Chemical Structure of Lubricating Oils 

The relationship between viscosity and other properties 
of hydrocarbon oils and their chemical structure has re- 
ceive increasing attention of recent years, culminating on 
the analytical side in Research Project No. 6 of the Ameri- 
can Petroleum Institute [72, 1935], now in progress, and on 
the synthetic side in the syntheses of high molecular weight 
hydrocarbons of known constitution by several investi- 
gators, including Hugel [36, 1931-2], Lerer [55, 1933], 
Landa [54, 1933-4], and Mikeska [60, 1936]. From the 
accumulated data now available, particularly those from the 
hydrocarbon syntheses, the general relationship of chemical 
structure to some of the more important properties of lubri- 
cating oils can be very briefly summarized as follows: 

Petroleum lubricating oils are composed of an extremely 
complex mixture of hydrocarbons whose molecular con- 
stitution may contain cyclic, polycyclic, and open-chain 
structures. The relative proportion, character, and struc- 
tural positioning of these groupings largely determine the 
general physical and chemical properties of the oil, regarded 
as a whole. Open-chain — paraffinic — structure is asso- 
ciated with low viscosity, high viscosity index, low specific 
gravity, and high setting-point. Branching of the open- 
chain groupings leads to a lowering of the setting-point and 
viscosity index, while the introduction of cyclic structure 
increases the viscosity and specific gravity. With growing 
complexity of the ring structure the viscosity is very 
markedly increased, and the viscosity index diminished. 
The reduction of aromatic groupings to naphthene rings 
raises the viscosity with but little alteration in the viscosity 
index. 

The hydrocarbon constituents of paraffin-base lubricat- 
ing oils appear, then, to have long open chains associated 
with relatively simple rings; with decreasing proportion of 
open-chain to cyclic structure, and increasing complexity 
of the cyclic nuclei, the naphthene- and asphalt^base oils are 


approached, having low viscosity indices and high specific 
gravities. The correlation of these physical properties is 
further complicated, in the case of lubricating oils, by the 
colloidal characteristics exhibited by solutions and liquid 
mixtures of these high molecular weight components. 
Particularly is this the case with regard to viscosity, vis- 
cosity temperature, and setting-point phenomena. The 
question of stability towards oxidation, of extreme im- 
portance in the case of modem automotive lubricants, is 
intimately connected, not only with the general chemical 
constitution of the oil, but with the presence or absence of 
inhibiting or catalytically active components. 

Table I, adapted from Rossini, illustrates the marked 
influence of chemical stmeture upon physical character- 
istics by reference to synthesized hydrocarbons. 

For a more detailed account of these factors the reader 
is referred to papers by Hugel [36, 1932], Rossini [72, 
1935], Wiggins [85, 1936], and particularly to a recent 
publication by Mikeska [60, 1936], describing the syn- 
theses, properties, and correlation of properties with struc- 
ture for 52 hydrocarbons of high molecular weight. 

Methods Available for the Synthesis of Lubricating OUs 

Regarding the synthesis of lubricating oils as being 
essentially a means of building up hydrocarbon molecules 
of a size comparable with those present in petroleum lubri- 
cants, the principal methods available for such syntheses 
may be summarized as follows: 

1 . Non-catalytic polymerization of hydrocarbons. 

2. Catalytic polymerization of hydrocarbons. 

3. Dechlorination of chlorinated hydrocarbons. 

4. Condensation of olefinic with aromatic hydrocarbons. 

5. Condensation of chlorinated hydrocarbons with aro- 
matics. 

By reason of their unsaturated and reactive nature, 
olefinic hydrocarbons are particularly applicable to poly- 
merization and condensation reactions. In the case of the 
less reactive saturated hydrocarbons, reactivity may be 
achieved through the preliminary or intermediate forma- 
tion of an unsaturated hydrocarbon and its subsequent 
polymerization or condensation to a more complex mole- 
cular condition. This may be carried out through a de- 
hydrogenation reaction, as by electrical treatment with the 
silent discharge, or by chlorination of the initial material 
followed by dechlorination and production of an unstable 
intermediate. 

Non-catalytic Polymerization by the Silent Electric 
Discharge 

The silent electric discharge, as in the Siemens ozonizer, 
causes polymerization of olefinic and saturated hydro- 
carbons to compounds of widely varying molecular com- 
plexity [62, 1934], Investigation of the reaction in the 
case of the simpler gaseous hydrocarbons by Saint-Aunay 
[73, 1933] indicates that the following basic reactions may 
proceed: dehydrogenation followed by polymerization 



SYNTHETIC LUBRICATING OILS 2657 

Table I 


Synthetic Hydrocarbons of High Molecular Weight 


Hydrocarbon 

Structure 

Type 

Molecular 

weight 

Viscosity at 
100° F., 
centistokes 

Viscosity 

index 

Density^ 

d\^ 

Di-hydro-diethyl- 

anthracene 

.CH,— CH, 

CuH,o< 

polycyclic-aromatic 

236 

35-7 

-390 

1014 

Cx.H.o 

^CH,— CH 3 






Di-hydro-dioctyl- 

anthracenc 

C,oH4. 

/(CH3)7-CH3 

CuH,o< 

\CH3)v-CH3 

polycyclic-aromatic- 

paraffinic 

404 

293 

-9 

0948 

Phcnyl-benzyl- 

heptadecane 

C,pH4. 

C,H3 -CH 3 — CH— (CH5,);,-CH3 

CH, 

simplc-aromatic- 

paraffinic 

406 

34-5 

85 

0-917 


C.Hs 






Di-cyclohcxyl- 

hexadecanc 

CjiHji 

C.Hnv 

>CH-(CH3)h~CH3 

C,H,/ 

simple-naphthcnic 

paraffinic 

390 1 

32-9 

98 

0-879 

/i-Butyl- 

hentriacontanc 

CH3-(CH,)h-CH-(CH,)u-CH3 

paraffinic 

492 

25-2 

151 

0824 


(CH3)3 







1 

CH 3 







and hydrogenation by the liberated hydrogen; decomposi- 
tion of the molecule, and polymerization of unsaturated 
molecules. These primary reactions are complicated by 
the subsequent action of the discharge upon their initial 
products. 

Ethylene and other gaseous hydrocarbons yield un- 
saturated liquids of characteristics dependent upon the 
experimental conditions. Prolonged action of the dis- 
charge leads to products of high molecular weight, and 
Epner [18] has claimed that lubricating oils can be obtained 
in this manner from methane, ethylene, and similar hydro- 
carbon gases. 

The action of the discharge upon liquid hydrocarbons 
and fatty oils, particularly in the presence of hydrogen at 
reduced pressure, leads to an increase in the viscosity of the 
oil and improvement of the viscosity temperature character- 
istics. It is considered that hydrogen is split off under 
electronic bombardment, with resultant polymerization of 
the unsaturated residues and hydrogenation by the liberated 
hydrogen, the products having a higher molecular weight 
and degree of saturation [62, 1934]. This reaction has been 
utilized in the Voltol and Electrion [71, 1930] processes 
for the production of lubricants. In the Voltol process, 
described by Otto [67, 1931] and Wolf [86, 1929], fatty oils 
are subjected to alternating current at 4,000-5,000 volts and 
500 frequency, at temperatures up to 80 ’ C., the products 
being blended with straight petroleum oils. 

The production of voltolized petroleum oils and their 
utilization as blending stock for increasing viscosity index 
and depressing pour-point has recently been discussed by 
Woods [87, 1936]. Using a blend of 50% crude scale wax 
(120'" F. m.p.) and 50% waxy Mid-Continent overhead oil 
as charging stock, a power consumption of 15 K.W.H. gave 
a 10% yield (after vacuum distillation and recycling light 
overhead) of voltolized oil with the properties (after de- 
waxing and clay treatment) given in Table 11. 

After a power consumption of 60 K.W.H. a yield of 57 % 
of a very viscous oil was obtained, a 10% blend of which 
with a finished Mid-Continent paraffin-base motor oil 


raised the viscosity index to 119. A 5 0% blend with a 
paraffin-base oil was stated to reduce the pour-point from 
30 to -15"F. 

Table II 

Properties of Voltolized Oils 


Oil 

Visco- 

sity^ 

lOO^F. 

Saybolt 

Universal^ 

210°F, 

Visco- 

sity 

index 

Sp. gr. 
60I60°F. 

Pour- 

pointy 

°F. 

Voltolized oil 
(15 K.W.H.) 

1,105 

121-7 

123 

0-864 

15 

After 60 K.W.H. . 


3494 


0867 

70 

10% blend with Mid- 
Continent oil 

413 

64 

119 

0-880 

0 

Original Mid-Con- 
tinent oil 

387 

56-3 

90 

0881 

10 


This process is applicable also to low-temperature coal 
and lignite tars and their fractions [17, 1923], and has been 
used for the treatment of synthetic lubricating oils from 
condensation reactions [41]. Schildwachter [75, 1934] has 
described the effect of voltolization upon fractions from the 
condensation of ethylene with aromatic hydrocarbons and 
oils. 

Catalytic Polymerization of Unsaturated Hydro- 
carbons 

The polymerization of unsaturated hydrocarbons is 
accelerated to a marked degree by catalytic action. A wide 
range of catalytic materials is available for this purpose, 
including phosphoric and sulphuric acids, a number of 
volatile inorganic halides (the Friedel-Crafts type of cata- 
lyst) such as boron trifluoride and chlorides of aluminium, 
zinc, tin, titanium and phosphorus, and active bleaching 
earths. For a more detailed account of polymerization 
catalysts reference should be made to ‘ Pyrolysis and Poly- 
merization Processes for the Production of Liquid Fuel 
from Gaseous Hydrocarbons’ by D. A. Howes. The 
majority of these catalysts appear to function through 
the intermediate formation of a comparatively unstable 
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compound of the unsaturated hydrocarbon and the catalytic 
substance, followed by its decomposition with regenera- 
tion of the catalyst and production of polymerized hydro- 
carbons. 

In the synthesis of high molecular weight hydrocarbon 
oils suitable for lubricants, aluminium chloride and boron 
trifluoride catalysts have been investigated in some detail, 
their activity enabling a high degree of polymerization to 
be obtained with short reaction periods. The polymeriza- 
ion of ethylene under pressure in the presence of alumi- 
nium chloride was observed by Ipatieff [45, 1911], and later 
by Ipatieff and Routala [49, 1913], and Szayna [81, 1928], 
and has been described in detail by Stanley [79, 1930; 64, 
1930], with particular reference to the value of the lubricat- 
ing-oil fractions. The conclusions drawn may be sum- 
marized as follows: 

At normal temperatures, using ethylene under pressure, 
the products of the reaction comprise a ‘free oil’ of purely 
hydrocarbon nature, together with a pasty ‘double com- 
pound’ of aluminium chloride and a so-called ‘combined 
oil’ of olefinic character which could be liberated from the 
double compound by the action of water. The double 
compound [30, 1916-17] represents an intermediate stage 
in the polymerization of the ethylene to the stable-free oil, 
being itself an active catalyst for polymerization [43, 1929]. 

The free oil, upon distillation, yields a range of fractions, 
of general composition QHgn, the higher boiling approxi- 
mating in general characteristics to petroleum lubricants. 
These oils, while of stable and saturated character, have 
poor viscosity indices, while the high-boiling residual frac- 
tions were extremely viscous. The specific gravities of these 
fractions are remarkably low. 

Raising the temperature of reaction increases the rate 
of polymerization to a very marked extent, but leads to a 
shortened life for the catalyst and considerable alteration 
in the character of the products obtained. The polymeriz- 
ing action of aluminium chloride at higher temperatures is 
complicated by its pronounced tendency to initiate cracking 
and dehydrogenation reactions [24, 1924; 48, 1936], giving 
rise to an increased proportion of low-boiling paraflfin 
hydrocarbons with simultaneous formation of heavy poly- 
cyclic hydrocarbons, of composition C„Han-« to 
having a high carbon hydrogen ratio. The lubricating frac- 
tions, as a result, exhibit still more pronounced naphthenic 
and aromatic properties, with very steep viscosity tempera- 
ture curves and relatively high specific gravities. These 
fractions possess a much higher viscosity for a given 
boiling range or molecular weight than normal petroleum 
lubricants. At higher temperatures the aluminium chloride 
double compound becomes more carbonaceous, and of 
considerably reduced catalytic activity. 

The characteristics of typical lubricating fractions from 
the polymerization of ethylene are shown in Table III. 
The oxidation stability of these oils is in general lower than 
that of petroleum lubricants, although sludge formation is 
small, the oils produced at lower temperatures being more 
stable. The lubricating oils obtained at differing tempera- 
tures by aluminium chloride polymerization of technically 
available ethylene concentrates have been described by 
Petrov, Antzuz, and Pozhiltzeva [69, 1933]. 

The mechanism of the polymerization has been discussed 
by Stanley [79, 1930; 64, 1930], Hunter and Yohe [37, 
1933], Ipatieff [46, 1936], and others. 

Recently it has been shown by Hall, Wiggins, and Nash 
[82, 1935] that the polymerization reaction at relatively 
high temperatures is considerably modified by the presence 


of metallic aluminium. The formation of low-boiling 
hydrocarbons is reduced, the lubricating oil fractions have 
viscosity indices as high as 50 to 70 and the formation of a 
carbonaceous aluminium chloride complex is prevented. 
The aluminium chloride is, in the presence of ethylene and 
aluminium metal, transformed into compounds of true 
organo-mctallic nature resembling, in some respects, the 
Grignard compounds of magnesium, and showing marked 
activity towards oxygen and water. The properties of two 
lubricating oil fractions are included in Table III. 


Table III 

Lubricating Oils from the Polymerization of Ethylene 


Catalyst 

Poly- Viscosity 

merization at lOO'^R, 
tempera- centi- 

ture, ° C. \ stokes 

Visco- 

sity 

index 

Sp. gr. 
60I60^R 

Aluminium chloride 

15 

112* 

-30* 

0-836 

♦♦ *» 

150 

200* 

-230* 

0-921 

Aluminium 4 - aluminium 





chloridct . 

200 

1,610 

i 67 

0-902 

Aluminium-t-aluminium ! 



i 


chloride 

300 

217 

! 40 

0-890 

Boron trifluoride . 

low tem- 
perature 

133t 

45X 

1 



* Calculated from Stanley’s data, 
t Data given for a viscous residual oil. 
X Calculated from Otto’s data. 


At higher temperatures (250-300" C.) the organo-metallic 
compound — inert at lower temperatures — becomes cata- 
lytically active and considerable yields of liquid olefines, 
including butene, hexenes, and octenes, arc obtained [27, 
1937]. These olefines can then be polymerized in a second 
stage to give lubricating-oil fractions of high viscosity index. 
At low temperatures, the addition of finely powdered zinc 
or aluminium has been stated to increase the yield of free 
oil in the aluminium chloride polymerization of ethylene 
[34, 1931]. 

The use of aluminium chloride and other inorganic 
halides in combination with organic polar compounds 
(nitrobenzene for example) and with inactive metallic 
halides such as sodium chloride, for the polymerization of 
gaseous olefines has been claimed by Elkington [6, 1931], 
while Howes has suggested the use of florida earth impreg- 
nated with aluminium chloride [35, 1932]. 

The polymerization of ethylene and other olefines by the 
action of boron trifluoride has been described by Otto 
[66, 1927]. It was found that ethylene under a pressure 
of 70 atm. could be polymerized by boron trifluoride at 
ordinary temperatures with the formation of viscous oils 
of empirical formula C„H 2 „. At higher reaction tem- 
peratures the viscosity of the crude hydrocarbon mixture 
was found to diminish rapidly. The higher fractions 
were described as being comparable with petroleum lubri- 
cants as regards viscosity temperature relationship, and the 
properties of a typical oil are included in Table III. 

Hoffman, Otto, and Stegemann [32, 1928-9] suggest the 
polymerization of olefines under pressure by the use of 
boron trifluoride in the presence of water, halogen acids, 
or halogenated hydrocarbons capable of reacting with ben- 
zene in the Friedel-Crafts synthesis. In another patent 
[31, 1927, 1931] the addition of finely powdered metals, 
especially nickel, is claimed to accelerate the polymerization. 
It is of interest to note that the boron trifluoride used for 
polymerization may be practically completely regenerated 
from the reaction products by the action of heat. 
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Polymerization of Higher Olefines 

The properties of the oils produced by polymerization 
are dependent to a considerable degree upon the type of 
olefinic material used for the reaction. The more highly 
unsaturated, less stable, diolefines have been shown by 
Thomas and Carmody [83, 1932] to yield resinous polymers. 
The polymerization of the higher olefines to lubricating oils 
has been investigated in detail by Sullivan and collaborators 
[80, 1930-1, 1934], their work being described in detail in 
The Manufacture of Synthetic Lubricating Oils’, p. 2664. 
Their results lead to the following general conclusions: 
Cyclic olefines, such as cyclo-hexene and dipentene, were 
found to yield polymerized oils with extremely poor viscosity 
indices. Among open-chain olefines, the homologues of 
ethylene were polymerized more readily than ethylene itself, 
and the lubricating properties, particularly the viscosity 
indices, of the resultant oils were found generally to im- 
prove with increasing chain-length of the initial olefine. 
Polymerized oils obtained from cetene — with a 16-carbon 
atom chain— had viscosity indices as high as 138, consider- 
ably higher than the values for petroleum lubricants. 
Branched-chain olefines gave polymerized oils of poorer 
viscosity temperature characteristics than the corresponding 
normal compounds. The constitution of lubricating frac- 
tions from the polymerization of isomeric pentenes has been 
described in detail by Waterman and others [84, 1935-6]. 

These factors are of considerable importance in the selec- 
tion of olefinic materials for polymerization to lubricating 
oils by the action of aluminium chloride. Thus the poly- 
merization of a cracked naphthenic or aromatic stock may 
yield oils of viscosity index lower than — 100, whereas those 
from a cracked paraffinic stock have values of the order 
of 100. 

Sullivan and collaborators have used cracked wax- 
bearing stocks for large-scale production of lubricating oils 
having high viscosity indices and oxidation stability, and 
the engine testing of these products has been described by 
Barnard [3, 1931-2]. 

The effect of increasing molecular weight of the olefinic 
stock polymerized is illustrated in the following table 
summarizing the properties of lubricating oils synthesized 
by Fischer from ‘kogasin’ fractions [19, 1935; 21, 1934]. 
Using a high carbon monoxide-hydrogen ratio and a cata- 
lyst of low nickel content, the lower boiling fractions of the 
synthetic kogasin contain considerable amounts of open- 
chain olefines. These were polymerized with aluminium 
chloride and the lubricating oils recovered by distillation. 


Table IV 

Oils from the Polymerization of "Kogasin'' Fractions 


Boiling range of 
‘ kogasin * fraction 
used, ° C. 

Olefines, 

vok % 

1 Polymerized oil 

Viscosity at 
100^ F. in 
centistokes* 

Sp. gr. 
60160^F. 

Viscosity 

index* 

0-100 

39 

67 

0 838 

5 

100-150 

27 

65 

0-839 

35 

150-200 

18 

51 

0838 

75 

200-250 

11 

21 

0-830 

100 


• Calculated by extrapolation from Fischer’s data. 


The polymerization of ethylene and low molecular weight 
olefines may be carried out in two stages, so that a product 
of comparatively high molecular weight is used for final 
polymerization. Atkinson and Storch [2, 1934] converted 
ethylene into a highly unsaturated light oil by thermal treat- 

IV 


ment at 370° C. and 70 atm. pressure, and by further poly- 
merization with aluminium chloride at room temperature 
obtained residual lubricating-oil fractions with viscosity 
indices ranging from 50 to over 100. At the Fuel Research 
Board [16, 1936] it has recently been found that oils having 
viscosity indices ranging from 30 to 90 can similarly be 
obtained from ethylene by a preliminary polymerization at 
350° C. with a molybdic oxide catalyst, followed by poly- 
merization with aluminium chloride at 60° C. 

In the case of gaseous and low-boiling olefines, the 
polymerization reaction is facilitated by the presence of a 
liquid diluent to improve contact between catalyst and 
reactants. An early patent of Allenet [1, 1923] covers the 
production of lubricating oils by passage of olefine gases 
into a (20%) suspension of aluminium chloride in light 
petroleum at ordinary temperatures and a pressure of 
3 atm. Under these conditions condensation of the ole- 
fines may also take place with aromatic, naphthene, and 
even paraffinic hydrocarbons present in the diluent. 
Particularly is this the case when higher boiling ‘middle’ 
oils are used of relatively aromatic constitution, such as 
coal-tar distillates [53, 1928], 

The polymerization of the unsaturateds in cracked spirits 
has been used as a means of refining, and for the produc- 
tion both of synthetic resins and of lubricating oils. 
Brownlee’s process [13, 1918] for the manufacture of syn- 
thetic lubricating oils was based on the polymerization of 
liquid olefines in cracked spirits with aluminium chloride, 
while a more recent patent [10, 1932] suggests the use of a 
preliminary light refining treatment prior to the main 
polymerization. 

The lubricating fractions obtained by treatment of low- 
temperature carbonization spirits have been examined at 
the Fuel Research Board laboratories [15, 1934]. The gas 
spirit obtained by scrubbing the gases from the carboniza- 
tion of coal at 650° C., after soda and acid washing, was 
polymerized with 7% aluminium chloride at 78° C. for 
12 hours and the lubricating fractions recovered by 
distillation. The viscosity indices of these products were 
low (11 to —195) and oxidation stability, except in the 
lightest fractions, was relatively poor. These oils contain 
a considerable proportion of condensation products arising 
from the aromatic constituents of the crude spirit, and it is 
questionable whether good lubricating oils can be produced 
from basic materials of this character. The polymerizing 
and condensing action of aluminium chloride has also been 
utilized in the production of lubricating oils from low- 
temperature coal tars and tar fractions [39]. 

Production of High Molecular Weight Polyermized 
Products 

A recent development in polymerization reactions has 
been in the production of hydrocarbon polymers of very 
high molecular weight. Under controlled conditions, cer- 
tain olefinic hydrocarbons (including styrene, butadiene, 
isobutylene) yield polymers having a degree of polymeriza- 
tion of the order of 1,000 or more. In suitable solvents 
these polymeric hydrocarbons give solutions of pronounced 
colloidal properties. The relatively low change in viscosity 
with temperature, characteristic of such solutions, is of par- 
ticular interest in connexion with synthetic lubricating oils 
[57, 1934], and the high viscosity indices of Voltol and 
Electrion oils, for example, may partly be attributed to the 
colloidal dispersion of the molecular complexes formed 
during the electrical treatment. 

The properties of ‘Exanol’ polymers have recently been 
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described by Otto, Miller, Blackwood, and Davis [68, 1934] 
who state that by blending with 5 % of such a product, the 
viscosity index of a Coastal lubricating-oil stock may be 
raised from 25 to a value of 1 10, with, however, a consider- 
able increase in the viscosity. Data for typical blended oils 
are given in Table V. The production of these hydro- 
carbon polymers is described in a recent patent [77, 1935]. 
Low-boiling olefinic fractions — particularly those contain- 
ing isobutylene — are polymerized at low temperatures with, 
for example, boron trifluoride. By fractional precipita- 
tion with solvents polymers of molecular weight up to 
5,000-6,000 may be separated and utilized for blending 
purposes. The I.G. Farbenind. A-G. claim the production 
of polymerides of isobutylene having a molecular weight as 
high as 40,000 by polymerization at —SO^C. with boron 
trifluoride [44, 1934]. 

Table V 


Blending Properties of 'ExanoP Polymers 



Viscosity Saybolt 



Universal 



at 

at 

Viscosity 

Oil 

100° F. 

210° F. 

index 

Coastal distillate 

358 

49-2 

26 

„ „ -f- 1 -5 % cxanol . 

627 

660 

80 

„ +5 0% cxanol . 

1,851 

147-5 

111 


Dechlorination of Chlorinated Hydrocarbons 

The chlorination of paraffin hydrocarbons, particularly 
in the case of petroleum distillates, proceeds smoothly at 
moderate temperatures, either in the gaseous or liquid 
phase, leading to mixtures of mono-and poly-chloro deriva- 
tives of varying complexity. Dechlorination — usually the 
removal of chlorine in the form of hydrogen chloride — 
may be carried out by thermal or catalytic treatment, and 
is generally followed by a varying degree of condensation 
and/or polymerization of the resultant unsaturated resi- 
dues. By selection of reaction conditions, the products of 
dechlorination range from highly unsaturated materials to 
stable saturated oils. For the higher chlorinated paraffins, 
thermal dechlorination proceeds smoothly and to practical 
completion at temperatures below 200'" C. Gardner and 
Bielouss [23, 1922; 74, 1920] found that under these condi- 
tions the dechlorination products of chlorinated middle 
oils could be utilized as drying oils, having highly unsatu- 
rated characteristics. 

Tanaka and collaborators [82, 1933-4] using chlorinated 
paraffin waxes [22, 1933] have shown that by control of the 
degree of chlorination and the conditions of thermal de- 
chlorination, viscous oils of practically saturated character 
can be obtained. The properties of two oils are sum- 
marized in Table VI, from which the low pour-point and 
high viscosity index can be seen. 

Table VI 

Lubricating Oils from the Thermal Dechlorination of 
Chlorinated Paraffin Wax 


Properties of oil from thermal dechlorination 


Chlorine content 

Sp. gr. 

Viscosity 
at 100* F., 

Viscosity 

Pour-pointy 

of chloroparpffin 

60* F. 

centistokes 

index 

*F. 

40 

0904 

113 

120 

below —5 

50 

0-935 

880 

100 

below —5 


Using chloroparaflins of lower chlorina^ content. Hall, 
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Wiggins, and Nash [28, 1935] find the products to have good 
viscosity indices, but very high carbon residues and dark 
colour. 

By reaction with alkali, or other metals having a high 
affinity for halogens, dechlorination is achieved at lower 
temperatures, in a manner comparable with the Wurtz syn- 
thesis. Friedel and Crafts in 1877 observed the formation 
of oily polymers from amyl chloride by treatment with 
aluminium, and the reaction has latterly been utilized in 
the synthesis of lubricating oils. Fischer, Koch, and 
Wiedeking [21, 1934; 51, 1935] have described the prepara- 
tion of lubricating oils from the action of activated alumi- 
nium at 130° C. upon chlorinated fractions of ‘kogasin’ 
from the low-pressure carbon monoxide-hydrogen syn- 
thesis. The resultant oils, after a bleaching-earth treatment 
and vacuum distillation, had high viscosity indices, rela- 
tively low viscosity, and were stated to possess good oxida- 
tion stability. The properties of typical dechlorination oils 
are given in Table VII. 

Table VII 

Lubricating Oils from the Catalytic Dechlorination of 
Chlorinated ‘ Kogasin ’ 

Viscosity 

Sp. gr. at 100' F., Viscosity 
Initial material 60,60' F. centistokes* index* 

Monochloro kogasin . . 0 860 65 105 

Dichloro kogasin . . . 0 877 100 105 

* Calculated by extrapolation from Fischer's data. 

In addition to activated aluminium, these investigators 
found the aluminium chloride complex separated from the 
reaction products to be an active and satisfactory de- 
chlorination catalyst. In these catalytic dechlorination 
processes, the reaction is further complicated by the pro- 
nounced catalytic activity and cracking action of alumi- 
nium chloride formed in situ during the dechlorination. 
Aluminium chloride is an active catalyst for dechlorination, 
and its action on chlorinated coal-tar fractions has been 
claimed to give rise to oils of lubricating character [40, 
1929]. 

Condensation of Olefines with Aromatic Hydrocarbons 

By a modification of the Friedel-Crafts reaction, olefines 
may be condensed with aromatic hydrocarbons in the 
presence of suitable catalysts of the Friedel-Crafts type. 
Condensation can be effected either in the vapour or liquid 
phase, under normal or increased pressure, using a wide 
range of catalysts, including aluminium chloride, boron 
trifluoride [46, 1936], sulphuric acid [11, 1893], phosphoric 
acid [46, 1936], and activated bleaching earths [38, 1928]. 
The direct combination of ethylene and higher olefines with 
benzene and its homologues has been described by several 
workers [61, 1922, 1927]; Bodroux [8, 1929] has shown 
that cyclohexene may be condensed with simple and poly- 
nuclear aromatics, while recently Ipatieff and others [47, 
1935] have extended the reaction to the condensation of 
olefines with both paraffin and naphthene hydrocarbons. 
The latter investigators also find that alkylation of aro- 
matic hydrocarbons by paraffins is possible under suitable 
conditions [26, 1935]. 

The condensation products of naphthalene and other 
polycyclic hydrocarbons with olefines are viscous oils which 
may be utilized as lubricants, and the production of such 
alkylated naphthalenes is described in a series of patents by 
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Michel [58, 1926-7, 1930], In the synthesis of lubricating 
oils by the condensation of ethylene and naphthalene under 
pressure, at temperatures of the order of 250°, using alumi- 
nium chloride, Howard [33, 1933] found that the oils were 
of pronouncedly aromatic character with very high viscosi- 
ties for a given boiling range and very poor viscosity 
indices (of the order of - 100). Similar products have been 
described by Schildwachter, from the condensation of 
ethylene with naphthalene, tetra-hydronaphthalene, and 
coal-tar fractions [75, 1934]. Condensations of this nature 
are rendered more complex through direct polymerization 
of the olefines, in addition to their condensation with 
aromatics. 

Krauch [53, 1928] has pointed out that by the passage 
of olefinic gases into suspensions of aluminium chloride in 
middle oils, viscous oils are produced through condensa- 
tion with the aromatic hydrocarbons present, and several 
patents cover reactions of this type [9, 1927-34]. Michel 
[59, 1928] has proposed that an Edeleanu extract should 
be used as the aromatic component in this class of reaction, 
while a recent patent [4, 1936] claims the production of 
lubricating oils from the condensation of acetylene with 
aromatic hydrocarbons in the presence of aluminium 
chloride. 

It can be concluded that lubricating oils synthesized by 
condensation reactions of this type possess a high propor- 
tion of aromatic structure in their molecular constitution, 
and may, in general, be expected to have poor viscosity 
indices, with a high viscosity and specific gravity for a 
relatively low-boiling range. 

The Production of Lubricating Oils by the Condensation 
of Alkyl Chlorides with Aromatic Hydrocarbons 

The condensation of halogen-containing compounds with 
aromatic hydrocarbons in the presence of catalysts of the 
aluminium chloride type, by the Friedel-Crafts reaction, 
opened a very wide field for the synthesis both of hydro- 
carbons and of other organic derivatives which has been 
extensively developed. The reaction, using chlorinated 
paraffins, has been utilized in the production of high-boiling 
viscous hydrocarbons which may be used as synthetic 
lubricating oils. (For a more detailed account of the 
Friedel-Crafts reaction, see Kranzlein [52, 1932], Groggins 
[25, 1930-1].) 

The character of the products from the condensation of 
chlorinated hydrocarbons (chloro paraffins) with aromatics 
depends on the constitution of the initial materials, the 
relative proportions of chloro and aromatic components, 
and the reaction conditions. Low molecular weight (short 
chain) chloroparaffins, a high degree of chlorination, excess 
of aromatic component, particularly of polycyclic structure, 
and severe conditions of condensation lead to the produc- 
tion of oils of low viscosity index, high viscosity and specific 
gravity, of predominantly aromatic and polycyclic structure. 

The use of long-chain chloroparaffins, low degree of 
chlorination, a smaller proportion of aromatic hydro- 
carbons of simple structure, and mild condensation condi- 
tions, tends to yield oils of high viscosity index, lower 
viscosity and specific gravity with a higher setting-point 
and of predominantly paraffinic structure. 

It is considered that hydrocarbon oils of high molecular 
weight, synthesized in this manner by the Friedel-Crafts 
reaction, approximate more closely to petroleum lubricants 
in properties and constitution than the products of poly- 
merization and olefine condensation reaction. For an 
account of a series of high molecular weight hydrocarbons. 


synthesized as ketones by the Friedel-Crafts reaction, with 
subsequent hydrogenation, the reader is referred to a recent 
paper by Mikeska [60, 1936]. 

Koch and Ibing [5 1 , 1935], in discussing the production of 
lubricating oils by the condensation of chlorinated ‘ kogasin’ 
with aromatic hydrocarbons in the presence of aluminium 
chloride, point out that the lubricating-oil hydrocarbons 
produced arc of three types : Hydrocarbons formed by the 
condensation of two molecules of the chloroparaffin are 
characterized by a high hydrogen content (13-5-14 0%), a 
density of about 0*85, high viscosity index, and a relatively 
high pour-point. The oils from the condensation of one 
molecule of chloroparaffin with several aromatic rings have 
a low hydrogen content (less than 120%) higher density 
(0-9-0*95) and viscosity, with a relatively low viscosity 
index. By the condensation of several molecules of chloro- 
paraffin both intramolecularly and with aromatic nuclei, 
hydrocarbon oils of intermediate properties are produced. 
The reactions involved are of a high order of complexity, 
intensified by cracking and polymerizing reactions induced 
at higher temperatures by the catalyst employed. 

As stated, the Friedel-Crafts condensation has been 
utilized by Fischer and his collaborators [20, 1933; 21, 
1934] in the synthesis of lubricants from the heavier frac- 
tions of ‘kogasin’ synthesized from water gas. Chlorinated 
derivatives of kogasin were prepared and condensed 
with aromatic hydrocarbons (xylene, for example) using 
aluminium chloride and also aluminium chloride ‘sludge’ 
as catalysts. The properties of a series of oils (residual 
fractions boiling above 200° C./ 12 mm.), refined by a bleach- 
ing-earth treatment, are briefly summarized in Table VIII. 


Table VIII 

Lubricating Oils from the Condensation of Chlorinated 
^Kogasin'' with Xylene 


Kogasin chloro 
derivative 

Viscosity 
at 100" F., 
centistokes* 

Viscosity 

index* 

Sp. gr. 
60I60’‘F. 

Dichloro .... 

65 

10 

0-908 

Trichloro .... 

140 

- 35 

0-940 

Tctrachloro .... 

1,300 

-100 

0 981 

Hexachloro .... 

12,000 

-300 

1-011 


* Calculated from Fischer's data. 


The viscosity and specific gravity of the product increase 
with increasing degree of chlorination of the initial fraction, 
whilst the viscosity index falls. The viscosity indices of 
the oils obtained are improved by decreasing the ratio 
of aromatic hydrocarbons to chlorokogasin; using a 1:2 
proportion of xylene to a dichlorokogasin, the product had 
a viscosity index of 85. By hydrogenation, using a nickel 
catalyst, lubricants of exceptional resistance to oxidation 
were obtained, but with little improvement in the slope of 
the viscosity-temperature curve. 

The synthesis of lubricating oils from the condensation 
of chlorinated paraffin wax with aromatic hydrocarbons in 
the presence of metallic aluminium as catalyst has recently 
been described by Hall, Wiggins, and Nash [28, 1935; 63, 
1936]. The oils from trichloro-paraffin condensed with ben- 
zene, toluene, and naphthalene had uniformly high viscosity 
indices Cof the order of 105), exceptional resistance to 
oxidation, and moderate pour-points (55° F.). The pro- 
ducts obtained from monochloro-paraffin had higher 
viscosity indices (120) but considerably higher pour-points 
(85° F.). Wax-like components of high pour-point could 
be removed by vacuum distillation, and the residual oils 
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then had properties analagous to those from the trichloro- 
paraffin. The properties of typical oils prepared are sum- 
marized in the following table : 

Table IX 


Lubricating Oils from the Condensation of Chlorinated 
Paraffin IVax with Aromatic Hydrocarbons 


Chloroparaffin used 

Mono- 

Mono- 

Tri- 

Tri- 

Tri- 

Aromatic hydro- 






carbon used 

toluene 

toluene* 

benzene 

toluene 

naph- 

Viscosity at 100° F. 
centistokes . 

76 

449 

302 

440 

thalene 

815 

Viscosity index 

122 

1 108 

108 

106 

107 

Sp. gr. 60/60° F. . 

0-883 

0-897 

0907 

0914 

0-917 

Viscosity-gravity 






constant 

0-819 

0814 

0831 

0 834 

0830 

Pour-point, ° F. . 

80 

55 

55 

55 

50 

Carbon residue 
(Conradson), % . 

0-09 

046 

0-28 

0-15 

1-90 


* Lubricating oil = residual fraction above 300° C./3 mm. 


The Friedel-Crafts synthesis is used in the production of 
Paraflow, a synthetic lubricating oil commercially manu- 
factured in the United States, and used extensively for 
reducing the pour-point of wax-bearing lubricating-oil 
stocks [14, 1931]. The synthesis of such hydrocarbon oils 
is described in the patent [78, 1931] issued to the Standard 
Oil Development Company; chlorinated paraffin wax is 
condensed at relatively low temperatures with an aromatic 
hydrocarbon such as benzene or naphthalene in the 
presence of aluminium chloride and an inert diluent. The 
sludge-free product is decomposed with water and the 
diluent and unreacted wax removed by vacuum distillation; 
the characteristics and utilization of commercial ‘Paraflow’ 
oils are detailed in another article. The property of depres- 
sing the pour-point of waxy stocks has been claimed for a 
wide variety of products, including hydrocarbon oils pre- 
pared by condensation processes, catalytic polymerization, 
and by electrical treatment. 

The production of lubricating oils by condensation 
reactions, using chlorinated hydrocarbons of varying 
character — ranging from chloromethanes to chlorinated 
petroleum and tar distillates — with aromatic hydrocarbons 
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THE MANUFACTURE OF SYNTHETIC LUBRICATING OILS 

By Dr. F. W. SULUVAN, Jr. 
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It is well known that all commercial hydrocarbon lubricat- 
ing oils are mixtures of many different kinds of molecules 
which vary in molecular weight, hydrogen : carbon ratio, 
and constitution. It is further recognized that even the 
best of the accidental mixtures to be found in nature is 
less desirable for lubricating purposes than some of the 
individual components thereof, as shown by the current 
decided trends towards solvent extraction of lubricating oils. 

Undoubtedly the most important characteristic of 
lubricating oils is viscosity, and since many lubricants are 
used under varying conditions of temperature, it is im- 
portant that viscosity vary as little as possible with tempera- 
ture change. The quantitative effect of temperature changes 
on the viscosity of an oil, or its temperature coefficient of 
viscosity, depends entirely upon the nature of the hydro- 
carbons of which the oil is composed, and only a major 
change in the composition of the oil will alter it markedly 
in this respect. In 1929 Dean and Davis [6] proposed 
a useful method of indicating the viscosity-temperature 
susceptibility of a lubricating oil by means of a ‘viscosity 
index* which expresses the relation of the temperature 
coefficient of viscosity of an oil to those of certain natural 
oils. 

Preliminary Discussion 

While the exact relationship of viscosity of lubricating 
oils to molecular constitution has not been definitely 
established, it seems fairly clear that for a given molecular 
weight or boiling-point the viscosities of cyclic hydro- 
carbons are relatively high, but change quite rapidly with 
temperature changes, while paraffin hydrocarbons (CnHjn-i-a) 
of the same molecular weight or boiling-point tend to be 
less viscous, but possess lower viscosity-temperature 
susceptibilities. Conversely, paraffin hydrocarbons are less 
volatile and possess lower specific gravities than cyclic 
hydrocarbons of the same viscosity, and in the case of 
naturally occurring oils the more highly paraffinic oils also 
possess higher hydrogen: carbon ratios. The high mole- 
cular weight normal paraffin hydrocarbons arc solids, and 
the more highly paraffinic natural oils tend to have high 
pour-points b^use of the presence of these normal 
paraffins. The ideal lubricant would therefore appear to 
be one which most closely approaches the normal paraffinic 
structure without being solid at the lowest temperature at 
which the oil is to be used. Even the best of the natural 
paraffinic oils are far from being composed exclusively of 
paraffin hydrocarbons, as shown by the work of Davis and 
McAllister [5, 1930], which indicated that typical Pennsyl- 
vania lubricating-oil fractions contained much less hydrogen 
than required by the formula CnH 2 n+ 2 * and probably con- 
sisted of cyclic hydrocarbons with paraffinic or iso- 
paraffinic side-chains. 

Various methods are available for synthesizing large 
hydrocarbon molecules with viscosities of the order of 
magnitude required for use as lubricating oils. Mono- 
olefines of the empirical composition C^IIjn possess a 
higher hydrogen : carbon ratio than any natural mineral 
lubricant, and numerous investigators have shown that 


they can be readily polymerized by various means (notably 
by the action of heat, pressure, electrical discharges, or 
catalysts) to give viscous oils. For the production of 
lubricating oils, catalytic polymerization with metallic 
halides such as aluminium chloride or boron fluoride 
appears most promising. These oils, if formed by simple 
polymerization, would have the same hydrogen: carbon 
ratios as the original olefines. It appears that the poly- 
merization of olefines with aluminium chloride at high 
temperature is accompanied to a certain extent by various 
side reactions, with the formation of some cyclic hydro- 
carbons. Catalytic olefine polymerization and its applica- 
tion to the commercial production of synthetic lubricating 
oils will be taken up in greater detail later. The olefines 
may be prepared and used as such, or the oils may be 
synthesized from chlorinated derivatives of saturated 
hydrocarbons. 

Viscous oils can also be prepared by polymerization of 
saturated hydrocarbons, through an intermediate decom- 
position process. Thus conventional cracking operations 
are accompanied by the formation of viscous polymers 
which, however, are not well suited for use as lubricating 
oils due, among other things, to their inferior viscosity- 
temperature characteristics. The formation of viscous oils 
of this type by the action of catalysts, notably aluminium 
chloride, on various hydrocarbon materials has been 
described in numerous patents; this process is especially 
applicable in the case of raw materials of an aromatic 
nature, such as low-temperature tars. The treatment of 
hydrocarbon oils (or natural fatty oils), with the silent 
electric discharge, as exemplified by the production of 
‘Voltol* or ‘Elektrion’ oils, may also be considered to be 
a reaction of this general type, since this process apparently 
involves the elimination of hydrogen ions followed by 
polymerization of the resultant unsaturated residues. 

The well-known Friedel-Crafts reaction affords a con- 
venient method for synthesizing large hydrocarbon mole- 
cules, by the action of chlorinated aliphatic hydrocarbons 
on aromatics, in the presence of aluminium chloride, and 
the use of this reaction in the synthesis of lubricating oils 
has been described in numerous patents. The reaction is 
usually carried out at relatively low temperatures in order 
to avoid complicating side reactions such as polymeriza- 
tion and cracking. In this process the viscosity-temperature 
characteristics of the resultant oils can be controlled to a 
certain extent by varying the character and number of the 
side-chains introduced into the aromatic nucleus; thus, for 
example, introduction of long paraffin side-chains into an 
aromatic nucleus tends to produce an oil with a good 
viscosity index (and a relatively high pour-point). The 
production of lubricating oils by a very similar process, 
direct condensation of olefines with aromatics in the 
presence of a catalyst such as aluminium chloride, has also 
been described in numerous patents. 

Hydrogenation of mineral oils, and of tars, has been used 
for the production of lubricating oils, the hydrogen learbon 
ratio being increased thereby. However, any changes which 
occur in the structure of the hydrocarbons cannot be 
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directed, and the character of the product is largely deter- 
mined by the character of the starting material. 

The high-boiling fractions from low-temperature car- 
bonization tars have also been used as lubricating oils, 
although these oils are markedly inferior to natural petro- 
leum oils. 

As mentioned previously, catalytic polymerization of 
olefines with a metallic halide such as aluminium chloride 
or boron fluoride appears to be the most promising method 
of producing synthetic lubricating oils of superior Quality 
in commerical quantities. As early as 1879 Balsohn [2] 
reported that ethylene and aluminium chloride reacted 
to form a liquid which, on treatment with water, yielded 
thick, oily products. Since that time numerous investi- 
gators have noted the formation of viscous oils when 
treating olefines with aluminium chloride or other catalysts. 
Thus Brownlee [4, 1919] obtained patents covering the 
production of lubricating oils of low specific gravity, low 
cold test, and high viscosity by such a process. Brownlee 
polymerized a cracked distillate derived from a Pennsyl- 
vania crude by agitating with aluminium chloride (2% or 
less, by weight) for 1 to 1 i hr. at a temperature of 300- 
400° F. 

In 1931 F. W. Sullivan, Jr., and co-workcrs [12] reported 
the results of a comprehensive investigation of the produc- 
tion of synthetic lubricating oils by catalytic polymerization 
of olefines, carried out in the laboratories of the Standard 
Oil Company (Indiana) where a commercial process has 
been developed for the production of oils by this means. 
It is described in the Ind. Eng, Chem. cited and in U.S.P. 
1,955,260 [14, 1934]. This development will be taken up 
in detail in the following pages. 

Experimental Procedure 

The apparatus used in many of the experimental poly- 
merization runs consisted of a 6-litre cylindrical autoclave 
placed in a vertical position and provided with an anchor- 
type agitator, a thermometer well, a pressure-gauge, and 
plugs in the top and bottom. Other small-scale experiments 
were made in 4-gal. (151 -litre) steel cylinders mounted on 
trunnions like a chum and provided with internal steam 
coils to allow heating, if desired. Semi-works experiments 
were conducted in a 2-bbl. (100 gal.) jacketed kettle in 
which agitation was accomplished by means of a centri- 
fugal pump arranged to circulate the reaction mixture from 
the cone bottom to the top of the kettle. This latter design 
was followed in principle on the large scale and has proved 
quite satisfactory. 

The use of polymerization temperatures as high as 300- 
400° F. (150-205° C.) was investigated, although most 
of the polymerizations were carried out at temperatures of 
200° F. (93° C.) or lower, since it was found that in general 
lower temperatures were better from the standpoint of 
yield of viscous oil. Except in the case of gaseous olefines 
all polymerizations were carried out at low pressure — 
atmospheric or slightly higher. Aluminium chloride was 
the catalyst used in the majority of the work. 

Preliminary work on the polymerization of unsaturated 
distillates from various sources indicated that slight varia- 
tions in polymerizing conditions had but little effect on the 
quality of the polymerized product, but that the properties 
of the resultant viscous oils varied greatly when different 
unsaturated materials were polymerized. In order to deter- 
mine the effect of the nature of the starting material on the 
properties of the polymerized oils several normal olefines 
and iso-olefines and typical representatives of cyclic un- 


saturated hydrocarbons were polymerized. This series 
included all the isomeric butenes and pentenes. Most of 
the olefines were prepared by dehydration of the proper 
alcohols over alumina. Cetene was made by the thermal 
decomposition of spermaceti or cetyl alcohol. In order to 
obviate the possibility of small differences due to variations 
in polymerizing conditions, a standardized procedure was 
adopted which is exemplified by the following illustration. 
A solution of 420 g. of amylene in 3 litres of naphtha, ren- 
dered inert by previous aluminium chloride treatment, was 
agitated with 75 g. of aluminium chloride for 8 hr. at 
135° F. (57*2° C.). At the end of this time the product was 
allowed to settle, sludge was separated, and the supernatant 
solution of oil, after being washed successively with sodium 
hydroxide solution and water, was reduced with fire and 
steam to the desired viscosity. All the olefines were poly- 
merized in naphtha solution except cetene, which was 
agitated with aluminium chloride at 135° F. (57-2° C.) in 
the absence of any diluent. An additional yield of oil could 
be obtained by hydrolysing the sludge, but this oil was 
inferior in all respects to the uncombined oil. 

Experimental Results 

The results of the experiments with pure olefines are 
given in Table 1. In general it can be seen from this table 
that in the case of normal a-olefines the viscosity index of 
the polymerized oil increases in a more or less regular 
manner with increasing molecular weight of the raw 



Fig. 1. Effect of saturated chain length upon the viscosity index 
of oils synthesized from hydrocarbons of increasing molecular 
weight. 


material. This is shown graphically in Fig. 1, in which the 
viscosity index of the viscous oil (calculated for a viscosity 
of 85 sec. S.U. at 210° F.) is plotted against the number of 
carbon atoms in the original olefine molecule. It can be 
seen from Fig. 1 that the viscosity-temperature character- 
istics of the viscous oil produced improve very rapidly at 
first, with increasing length of the carbon chain in the 
a-olefine polymerized, and then improve more slowly in going 
from /i-octene to cetene. Although the polymerized oil from 
cetene had a higher viscosity index than any of the other 
synthetic oils, it also had a high pour-point. Investigation 
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showed that this high pour-point was not due to the 
presence of a small amount of high-melting wax, but rather 
that it was a natural characteristic of the entire synthetic 
product, which evidently had a fairly high melting-point. 



Fig. 2. Effect of interruption of the saturated chain linkage upon 
the viscosity index of oils synthesized from isomeric hydrocarbons. 


This phenomenon apparently results only when poly- 
merizing olefines contain very long strai^t chains. In 
the case of isomeric olefines it appears that in general the 
viscosity-temperature susceptibility of the polymerized oil 
increases with the degree of branching of the initial olefine. 


This tendency is illustrated in Fig. 2, which shows the varia- 
tion in viscosity index obtained when the various isomeric 
pentenes are polymerized. Isobutylene is an exception, 
giving a polymerized oil with a higher viscosity index than 
that obtained from butene- 1. 

The oils obtained by polymerization of the cyclic olefines, 
cyclohexene and turpentine, possessed to an extreme degree 
the properties of naphthenic oils and, in fact, showed lower 
viscosity indices than any naturally occurring naphthenic 
oil. The oils from these cyclic olefines, as well as that from 
ethylene, possessed low API. gravities (high specific gravi- 
ties), whereas all the other synthetic oils were characterized 
by approximately the same high API. gravity. These results 
expose in a rather striking manner the fallacy of placing too 
much reliance on gravity as an indication of the other 
characteristics of a lubricating oil. Thus it can be seen from 
Table I that two oils of similar viscosity may have the same 
API. gravity and yet have decidedly different viscosity 
indices. 

It is interesting to note that the viscosity indices of the 
synthetic oils produced from the individual unsaturated 
hydrocarbons varied from less than —300 in the case of the 
oil from turpentine to +138 in the case of the oil from 
cetene, a far greater range than that encountered in 
naturally occurring oils. Fig. 3 shows the effect of tempera- 
ture on the viscosity of a number of synthetic oils in com- 
parison with naturally occurring American oils. In this 
chart the ratio of the Say bolt Universal viscosity at lOO"" F. 
(37*8'' C.) to that at 210° F. (98-9° C.) is plotted against the 
viscosity at 210° F. (98*9° C.). Where more than one point 
is shown for the same type of synthetic oil — for example, 
synthetic oil from cetene — the polymerized product was 
reduced in several stages to progressively heavier bottoms 
and the viscosity-temperature characteristics of the bottoms 


Table I 

Polymerization of Pure Olefines 


Viscosity of product* 



700® F. 

270® F. 

: Yield 





1 {37 8 ^ C), 

{98 ^ C), 

of oil. 

1 Viscosity 

Gray. 


Olefine 

1 sec. 

sec. 

y^t. 

1 index^ 

' °APl. 

® F. 

Ethylene . 

1 2,769 

80 


-137 

j 18-8 

1 

Propylene . 

i 1,083 

70 

33-3 

20 

33-1 

1 -10 

Butene-l 

1,654 

92 


50 

: 34-3 

-10 


1,122 

78 

464 


1 


Butene-2 . 

1 1,507 

81 

33-3 

21 

34-7 

5 

Isobutylene 

; 3,706 

147 

420 

67 

I 



1 1,540 

94 



j 32*5 

10 


868 

73 





Pentenc-1 . 

1,350 

94 

59-8 

82 




1,180 

89 



33*2 

-15 

Pentcnc-2 . 

1,946 

93 

38-5 

ii 

32-8 

0 


976 

68 

530 




3-Methylbutene-i 

1 i 

108 

50-8 

b 

340 

5 


' 938 

65 






321 ! 

50 




* ■ 

2-Methylbutene-l 

1,959 1 

89 

34*5 

11 

33*7 

5 


998 

68 





Trimethylethylene 

1.476 ! 

70 


-7*4 

31 0 

25 


367 1 

49 

29-3 




Hexene-1 . 

1,155 

92 


91 

34*3 

-25 

Octene-1 

905 

88 


104 

34-8 

-20 

Cetene . j 

1,774 

201 

85* 

138 

339 

45 


1,187 

153 



34-8 

45 


717 

108 



35-9 

40 

Cyclohexene 

2,135 

85 


--21 

180 

25 

Turpentine 

4,750 

83 


-324 

15-8 

30 


Pour test 

I (“ r.) 

(-9) 

(-23) 

(-23) 

(- 20 ) 

(-23) 


! (-26) 
(-18) 

(-15) 

(-1*5) 

(-4) 

(-32) 

(-29) 

(7) 

(7) 

(5) 

(-4) 

(- 1 ) 


* The viscosity figures in all tables are Saybolt Universal viscosities. 

t The viscosity index (see Dean and Davis) of each oil was calculated for a viscosity of 85 at 210® F. 
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were determined at each stage. It is interesting to note that 
the points thus determined for a synthetic oil tend to fall 
on a straight line, whereas the lubricating fractions from 
natural oils give points which fall on curves, indicating 
greater homogeneity of hydrocarbon type in the case of 
the synthetic oils. This observation is also borne out by 
results of experiments on extraction of the synthetic oil with 
selective solvents, little improvement 
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be undesirable as constituents in the starting material for 
synthetic lubricating-oil production. 

The pronounced superiority of the polymers of the higher 
normal olefines to any natural mineral oils led to a search 
for an abundant source of such olefines. The cracking 
process immediately suggested itself as a means of obtain- 
ing unsaturated distillates for polymerization, and accord- 


u: 

o 

N 

/\ 

S 

\L 

0 

O 

O 

> 


(£ 


being obtained. 

The two heaviest distillate oils 
prepared from ethylene by Nash 
and his co-workers [8, 9, 1930] are 
also plotted in Fig. 3 for comparison. 

The viscosities were transposed to 
Saybolt and values at 100 and 210^ F. 

(37*8 and 98*9° C.) obtained from 
the A.S.T.M. viscosity diagram. It 
is seen that these oils were distinctly 
inferior to natural American oils 
from the standpoint of viscosity- 
temperature characteristics, a fact 
that was recognized by Nash. The 
value for polymerized ethylene re- 
ported in Table I falls on an extension 
of the line through these points. For 
further comparison the viscosity- 
temperature characteristics of castor 
oil are also shown, using data taken 
from the International Critical 
Tables. The castor oil is seen to 
be somewhat better than mixed-base 
natural oils with respect to tempera- 
ture susceptibility, although quite 
inferior to the natural paraffinic oils 
and the better synthetic oils. 

Thus it appears from the foregoing 
that the best synthetic lube oil would 
be obtained by polymerization of the 
largest normal a-olefine that would 
not give solid products, since the vis- 
cosity index increases with the length 
of the saturated chain in the olefine 
polymerized and, in the absence of 
solid products which tend to separate 
out on cooling, the pour-point 
of an oil improves with increasing 
viscosity index. This generalization, 
that the viscosity index of the syn- 
thetic oil increases with the molecular 
weight of the olefine polymerized, 
is confirmed by results published by 
Fischer and co-workers in 1934 [7], 
who found that in the polymerization 
of unsaturated fractions from their synthetic ‘Kogasin’ 
with aluminium chloride the higher fractions gave the 
better oils. Atkinson and Storch, in 1934 [1], showed that 
viscous oils of markedly better viscosity index could be 
produced from ethylene by first polymerizing the ethylene 
non-catalytically to give a light, unsaturated hydrocarbon 
liquid and treating the latter with aluminium chloride, but 
even so the final oil was inferior to the better synthetic oils 
represented in Table I. In connexion with the polymeriza- 
tion of pure olefines it should also be mentioned that in 
1932 Thomas and Carmody [15] reported that diolefines 
tend to give resinous polymers when treated with alumi- 
nium chloride, from which it appears that diolefines would 



Fig. 3. Viscosity characteristics of synthetic oils. 


Cn (a) Ethylene (Nash). 
Cj {b) Ethylene (Nash). 
Cg Propylene. 

C 4 (a) Butcne-1. 

Ci ih) Butene-2. 


Ciic) Isobutylene. 

Cg (a) Pcntene-1. 

Cg (h) Pentenc-2. 

Cb (c) 3-Methylbutene-l. 
Cb (r/) 2-Mcthylbutene-l. 


Cj (e) Trimcthylcthylenc. 
C, (fl) Hcxenc-1. 

C* ( 6 ) Cyclohexene. 

Cg Octene- 1 . 


distillates from various 
The general trends noted 


ingly experiments with cracked 
charging stocks were carried out. 
in the case of pure hydrocarbons were also confirmed by 
the results obtained with these cracked distillates as shown 
in Table 11. These data indicate that when cracking gas-oil 
charging stocks to produce raw material for polymerization 
to viscous oil, the more paraffinic the charging stock the 
better is the viscosity index of the oil. In the case of wax- 
bearing charging stocks the higher the wax content the 
better is the quality of the polymerized oil. These trends 
are shown in a very striking manner in Table 11. 

Since it appeared that oils of the best quality resulted 
from the polymerization of normal olefines of fairly high 
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Table II 

Polymerization of Cracked Distillate from Various Stocks 


Stock cracked 


Winkler gas oil . 

Shale oil 

Wax-free Mid-Continent gas oil 

Oleic acid 

Pa. mineral seal .... 
Ozokerite ..... 
70 % wax from sweat oil 
Paraffin wax (122-40° F.) 
High-melting petrolatum wax (172° 


F.) ; j 


Boiling i 
distillate p< 

range of 
olymerized 

Viscoi 

proi 

100° F. 1 
(37-8° C.\ 

uty of 
iuct 

210^ F. 
(98-9° C.), 

Viscosity 

Yield 
of oil. 

Pol 

\r test 

Cray. 



sec. 

sec. 

index 

Wt. % 


(°C.) 

° API. 

225-500 

(107-2-260) 

3,650 

86 

-172 

17-9 

15 

(-26) 

15-4 

32(M20 

(160-215-5) 

2,430 

84 

-64 

19-6 

15 

( 26) 

14-5 

300-500 

(149-260) 

1,500 

85 

41 

50-5 

5 

( 15) 

23 6 

Init.-300 

(Init.-149) 

1,420 

87 

52 

48 0 

10 

( 23) 

234 

300-500 

(149-260) 

1.275 

86 

63 

51-3 

5 

(-21) 

268 

300-500 

(149-260) 

914 

85 

97 

16 5 

35 

( 37) 

260 

300-500 

(149-260) 

835 

[ 84 

103 

500 

35 

(-37) 

30 8 

lnit.-428 

(Init.-220) 

797 

' 85 

109 

45 0 

10 

(-23) 

33-1 

300-500 

(149-260) 

735 

87 

118 

550 

35 

(-37) 

31*3 


Table III 

Effect of Wax Concentration on Synthetic Oil — Stock Cracked and the Distillate Polymerized 


Stock cracked 

Boiling 
distillate / 

range of 
lolymerized 

cc.) 

Yield 
of oil, 
H’/. % 

Viscosity of 
product 

Viscosity 

index* 

Gray. 

° API. 



100^ F. 
{37‘8^ C), 
sec. 

270° F. 
(98-9° C). 
sec. 

Pot 

°F. 

rr test 

(°C) 

Wax-free Mid-Continent gas oil 

300-500 

(149-260) 

50*5 

1,500 

86 

41 

23 6 

5 

(~15) 

40% wax 

300-500 

(149-260) 

46-5 

1,030 

87 

90 

28-5 



65% wax 

Init.-530 

(Init.-277) 

42-2 

804 

77 

90 

29-4 

15 

( *26) 

70% wax 

300-500 

(149-260) 

50-0 

835 

84 

103 

30-8 

-35 

(-37) 

ISVaV^ax 

Init.-526 

(lnit.-274) 

44-2 

840 

83 

! 99 

309 

-15 

(-26) 

85% wax 

Init.-496 

(Init.-258) 

51-0 

780 

83 

1 107 

31-8 

-20 

(-29) 

95 % wax 

Init.-590 

(Init.-310) 

641 

675 

86 

1 123 

340 

-15 

(-26) 


In this and subsequent tables each viscosity index was calculated directly from the viscosities given. 


molecular weight, and that materials closely approximating 
this nature could be produced by cracking wax-bearing 
stocks, it remained to determine what wax content was 
necessary and what the permissible boiling range of the 
cracked distillate might be. 

Samples of paraffin wax containing varying amounts of 
oil were cracked in the vapour phase and the unsaturated 
distillates were polymerized under uniform conditions. As 
shown in Table III, it was found that increasing amounts 
of oil in the wax used as charge to the cracking unit were 
accompanied by a regular decrease in the viscosity index 
of the polymerized oil obtained from the cracked distillate. 
The synthetic oil made by cracking refined wax and 
polymerizing the cracked distillate had a higher viscosity 
index, a higher API. gravity, and a lower pour-point than 
any natural lubricating oil made from known crudes. Also 
the yields of viscous oil were better when charging stocks 
containing higher percentages of wax were used. The yields 
in Table III are comparable, but not the maximum attain- 
able. These results indicate that in order to be suitable for 
use in the production of a synthetic oil having a viscosity 
index of 100 or higher, the wax charged to the cracking unit 
should not contain more than 15% oil. 

The yield of synthetic oil obtained from a cracked distil- 
late depends on the nature of the distillate and the condi- 
tions of polymerization, while, as mentioned before, the 
character of the distillate determines to a large degree the 
quality of the polymerized oil. The major factor determin- 
ing the yield of oil obtainable by polymerizing cracked 
distillates from paraffin wax was found to be the degree of 
unsaturation of the distillate, and the high yields obtained 
from wax are due to the unusually high degree of un- 


saturation of cracked distillate from this stock. The degree 
of unsaturation was determined by treatment of the distil- 
late with 90% sulphuric acid, followed by a determination 
of the amount of polymers formed; the percentage by 
volume of unsaturated hydrocarbons in the original distil- 
late was then calculated as the sum of the treating loss and 
the polymerization loss. As an example of the effect of the 
degree of unsaturation of the distillate on the yield of 
viscous oil, a 20% yield (by volume) of an oil having a 
viscosity of 200 sec. Saybolt at 210'" F. (98*9° C.) was ob- 
tained by polymerization of a 60% unsaturated distillate, 
while polymerization of a 90% unsaturated distillate under 
the same conditions gave a 35% yield of 200-viscosity oil. 
The quality of the polymerized oil was substantially the 
same in both cases. The distillate used in most of the 
experiments described was 90% unsaturated. 

In view of the pronounced differences in the viscosity 
indices of synthetic oils obtained by polymerizing pure, 
normal olefines of varying molecular wei^t, a sample of 
cracked wax distillate was fractionated into cuts of different 
boiling ranges and the individual fractions were poly- 
merized separately, with the results shown in Table IV. 
These results confirmed the conclusions deduced from the 
experiments on pure olefines; namely, that the longer 
the straight chains in the unsaturated stock polymerized, the 
lower would be the viscosity-temperature susceptibility of 
the resulting oil. As indicate above, this general trend was 
also confirmed by Fischer in 1934 [7]. It can be seen from 
Table IV that synthetic oils with extremely high viscosity 
indices could be produced by polymerizing the higher 
boiling fractions of cracked wax distillate; for example, an 
oil of 85 sec. Saybolt viscosity at 210° F. (98*9° C.) with a 
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Table IV 

Effect of Boiling Range of Cracked Distillate from Refined Parqffin Wax on Synthetic Oil 


Distillate fraction 

polymerized | 

Viscosity of product 

100° F. 

210° F. 

°F. 



KJ/ 0 C.j, 
sec. 

VVa*y C.) 
sec. 

Init.-200 

(Init.-93-3) 

1,083 

83 

200-310 

(93-3-154-5) 

926 

85 

310-420 

(154-5-215-5) 

637 

84 

420-510 

(215-5-265-5) 

1,565 

157 

Init.-428 

(Init.-220) 

797 

85 


Viscosity 

Yield 
of oilf 

Crav. 

Pour test 

index 

wt. % 

° API. 

°F. 

r C.) 

87 

520 

31*5 

-20 

(-29) 

96 

520 

31*3 

-20 

(-29) 

124 

69 0 

344 

-35 

(-37) 

123 

67-5 

33*7 

-10 

(-23) 

109 

450 

331 

-10 

(-23) 


viscosity index in the neighbourhood of 125 was produced 
by polymerizing a SIO-SIO^'F. (154-5-265-5° C.) fraction 
of the cracked distillate from refined wax. However, 
oils having viscosity indices of 100 or higher could be pro- 
duced by polymerizing the entire cracked distillate, and on 
the large scale this was the stock polymerized. A distillate 
having an end point of about SOO"" F. (260° C.) was ordi- 
narily employed, since polymerization of such a distillate 
gave a wax-free product while a distillate with an end point 
of 550 or 600° F. (288 or 315*5° C.) contained some wax, 
and, although the wax could be distilled from the poly- 
merized product on reduction, to give a low pour-test 
bottom, a high pour-test overhead oil was obtained. It is 
interesting to note that in the case of cracked Mid- 
Continent distillates the lower-boiling fractions yielded oils 
with higher viscosity indices than the higher fractions, 
which would seem to substantiate the assumption that the 
naphthenic hydrocarbons were concentrated in the heavier 
fractions. 

It was found that, in general, mixtures of unsaturated 
hydrocarbons gave a viscous oil the quality of which could 
be predicted from the properties of the oils obtained when 
the various components were polymerized separately. For 
example, the oil obtained by polymerizing a mixture of 
propylene and cracked paraffin wax distillate suffered the 
same loss in viscosity when heated from 100 to 210° F. 
(37*8-98-9° C.) as a blend of oils made from propylene 
and from cracked paraffin wax, respectively. (The relative 
amounts of the two oils in the latter blend were calculated, 
on the basis of the yields obtainable from the two starting 
materials, to give a blended oil containing the same pro- 
portions of propylene oil and cracked paraffin wax oil as 
the oil obtained by polymerizing the mixture.) Moreover, 
polymerization of a solution of the calculated amount of 
propylene in a synthetic oil from cracked paraffin wax also 
gave an oil with the same viscosity-temperature suscepti- 
bility as the blend just mentioned. In this connexion it 
should be pointed out, however, that blends of synthetic 
oils do not always possess the viscosity indices that might 
be anticipated from the viscosity-temperature character- 
istics of the individual components. Thus Otto and 
co-workers [10] announced in 1934 that synthetic oils pro- 
duced by suitable polymerization of ‘ light ends of refinery 
gasoline’, when blended with petroleum oils, gave products 
with viscosity indices far greater than would be predicted 
on the basis of the viscosity indices of the individual com- 
ponents and the blending ratios, the viscosity index of the 
blend being in some cases greater than that of either of 
the components. 

In general the yield of viscous oil from cracked paraffin 
wax distillate was higher the lower the temperature of poly- 
merization, provided that all the olefines were polymerized. 
As would be expected, longer periods of agitation were 


required at the lower temperatures. Although several 
instances have been reported in the literature, in which it 
was found that polymerization of olefines at higher 
temperatures gave increasing proportions of cyclic poly- 
mers, within the range of temperatures covered in the 
catalytic polymerization of cracked wax distillate (up to 
300-400° F. (149-204*5° C.)), the viscosity index of the 
polymerized oil was not seriously affected by changes in 
the temperature of polymerization. The use of higher 
polymerization temperatures did have a pronounced effect 
on the nature of the aluminium chloride sludge, however; 
on increasing the temperature of polymerization, the sludge 
produced changed from a mobile liquid to a coke-like 
solid. The temperature finally adopted for use in large- 
scale polymerization was 130-5° F. (54*5-57*2° C.), and 
the agitation with catalyst was continued for 30 hr. at 
that temperature. Experimental results on the effects of 
time and temperature of polymerization on the yield of 
viscous oil from cracked paraffin wax distillate are shown 
in Tables V and VI, respectively. 

Table V 


Effect of Time of Polymerization on Yield of Oil 
Slock, cracked distillate f rom 85% wax ; temperature 2 1 0® F (98-9° C.). 


Time^ 

Viscosity of product 

100^ F. 1 210 ' F. 
{37-8° C ), {98'r C.), 

Yield of oil. 

Crav. 

Pour test 

hr. 

sec. 

sec. 

h7. % 

‘•API. 

® F. 

r c .) 

4 

530 

70 

660 

31-9 

10 

(- 12 ) 

4 

1,791 

137 

360 

30-8 

-20 

(- 29 ) 

9 


83 

660 

320 

0 

(--18) 

9 


137 

43-4 




9 

2,069 

154 

390 

31-0 

-20 

(- 29 ) 

18 

623 

75 

68*5 

31-7 



18 

2,063 

152 

420 

30-8 

-20 

(- 29 ) 


Table VI 

Effect of Temperature of Polymerization on Yield of Oil 
Stock, cracked distillate from 85% wax. 


Viscosiiy of oil 


Temp. 

‘•F. 

Time. 

hr. 

100° F. 
( 37 - 8 ° C.), 
sec. 

210° F. 
{98 9° C.). 
sec. 

Yield 
of oil. 
H'/. % 

Crav. 

° API. 

Pour test 

1 rc .) 

Room 

114 

1,273 

110 

51-5 

30-5 

5 

(- 15 ) 

Room 

114 

2,776 

155 

42-5 

30-5 

-15 

(- 26 ) 

150 

18 

1,172 

106 

560 

31*0 

-10 

(- 23 ) 

150 

18 

2,311 

158 

410 

30-3 

-20 

(- 29 ) 

210 

18 

623 

75 

68-5 

31-7 

5 

(- 15 ) 

210 

18 

2,063 

152 

420 

30-8 

-20 

(- 29 ) 

250 

18 

730 

82 

65-3 

320 

0 

(- 18 ) 

250 

18 


147 

42-5 


-5 

(- 21 ) 

300 

18 

425 

63 

64-5 

33-4 

10 

(- 12 ) 

00 

18 

1,732 

138 

350 

30-4 

-10 

(- 23 ) 


Although the use of lower polymerization temperatures 
ordinarily necessitated longer periods of agitation, the time 
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could be shortened by the use of larger proportions of 
aluminium chloride. The effect of varying the proportion 
of catalyst is shown in Table VII. Although the use of 
more aluminium chloride shortened the time of polymeriza- 
tion at a given temperature, the amount of sludge was 
increased thereby, which meant a decrease in ultimate yield 
of available viscous oil, as well as an increase in cost of 
operation. As a compromise it was found desirable to use 
about 3 % of aluminium chloride by weight, based on the 
cracked distillate polymerized. 


Some of the properties of the synthetic oils have been 
mentioned before. The properties of two principal syn- 
thetic lubricating oils which are commercially available arc 
shown in Table VIII. These two stocks have been found 
adequate to meet the bulk of the demands for synthetic oil 
— particularly as the advantages of synthetic oils over con- 
ventional lubricating oils arc most pronounced in the more 
viscous grades. The high flash-point, high API. gravity, 
low change of viscosity with temperature, and excellent 
colour are outstanding. Since no wax is produced in the 


Table VII 

Effect of Aluminium Chloride Concentration on Yield of Oil 
Stock, cracked distillate from 85 % wax. 


AlCl, 

Polymerizing 

Viscosity of oil 





i conditions 


■ 





based on 



100^ F. 1 

2/0" F. 

Yield 








charge 

Time, 

Temp. 

(J7-5" C.), 

{9s r c.\ 

of oil. 

Grav. 

' 




f O 

hr. 

° F. 

sec. 

sec. ■ 

wL % 

API. 

" F. 

C.) 

1-7 

18 

175-200 

775 1 

83 

48-5 

30-3 

-10 

(-23) 

3-4 

18 

175-200 

730 

82 

65-3 

32-0 

-15 

(-26) 

51 

18 

175-200 

765 

85 

60-0 1 

319 

-10 

(-23) 



(79 5-93-4" C) 







It was found that the aluminium chloride sludge from a 
previous run could be used quite advantageously to accom- 
plish part of the polymerization, although it was necessary 
to use some fresh aluminium chloride to complete the 
polymerization if good yields were to be obtained. For 
example, cracked wax distillate might be agitated for 
12 hr. with the sludge from a previous run and then, 
after separation of the sludge, the reaction would be com- 
pleted by agitation with fresh aluminium chloride for an 
additional 18 hr. It was also found desirable, on the large 
scale, to use a promoter such as carbon tetrachloride, or 
other chlorinated hydrocarbon, as described in U.S.P. 
1,970,402 [11, 1934]. 

The polymerization procedure used on the large scale 
was essentially the same as that used in the larger experi- 
mental outfit, agitation being accomplished by means of 
a pump arranged to circulate the reaction mixture from the 
cone bottom of the polymerizer to the top. The temperature 
of polymerization was carefully controlled throughout the 
period of agitation, cooling being required during the early 
stages of the reaction. A polymerization plant for produc- 
ing synthetic lubricating oil on the large scale is shown in 
Fig. 4. 

After polymerization and separation of the sludge, the 
oil was washed with sodium hydroxide solution and then 
with water, reduced to the desired viscosity with fire and 
steam, and finally filtered through clay. 

Other polymerizing agents were also tested for suitability 
as catalysts in the production of synthetic lubricating 
oils. Among the catalysts tried were silicon tetrachloride, 
titanium tetrachloride, stannic chloride, phosphorus penta- 
chloride, bismuth trichloride, ferric chloride, mixtures of 
ferric chloride and aluminium chloride, boron fluoride and 
Attapulgus clay activated with hydrochloric acid. None 
of these substances was equal to aluminium chloride as a 
polymerizing agent under the conditions of temperature 
and pressure which were investigated, although boron 
fluoride proved to be a fairly active catalyst. Mixing with 
ferric chloride did not increase the activity of aluminium 
chloride as a polymerization catalyst, although instances 
have been report^ where such mixtures were more active 
than either component alone in the Friedel-Criafts reaction. 


polymerization, these synthetic oils are wax-free and conse- 
quently their pour-points are in direct proportion to the 
viscosity-temperature susceptibilities. As the latter are low, 
the pour-points are also low. It is interesting to note that 
by the process of synthetic oil manufacture, paraffin wax 
— often only an undesirable by-product which has to be 
removed, with some difticulty, from natural paraffinic 
lubricating oil fractions — is converted to an oil more 
paraffinic than the best natural paraffinic oil, and yet 
entirely free from solid waxes. As a matter of interest it 
may be stated that the average molecular weight (deter- 
mined cryoscopically) of a sample of oil ‘B’ in Table VIII 
was found to be 938. 


Table Vn I 


Physical Properties of Synthetic Oils made from Paraffin 
Wax 



Oil A 

Oil B 

Grav., " API 

30 6 

29-7 

Flash, " F. (" C.) .... 

515 (268) 

615 (324) 

Pour, ' F. (° C.) . 

-20 (- 28-9) 

0 (-17-8) 

Viscosity, Saybolt Universal: 
at 100" F. (37*8" C), sec. 

850 

3,250 

at210"F. (98-9" C), sec. 

85 

197 

Colour. N.P.A 

2 

2J 

Conradson carbon, % . 

0 13 

0-4 

Sligh oxidation, mg. sludge per 10 g. 
of oil 

1-8 

2*8 


'When heated to 100"’ F. (37*8'' C.) with 93% sulphuric 
acid the synthetic oils darken and slowly evolve sulphur 
dioxide. At 2(X)° F. (93*3° C.) this evolution of sulphur 
dioxide is quite rapid. Bromine is slowly decolorized by 
the synthetic oils and large quantities of hydrogen bromide 
are formed, indicating the presence of reactive hydrogen. 

When heated to 250° F. (121 *2° C.) in an open dish in an 
oven, the synthetic oil held its colour much better than con- 
ventional lubricating oils of the same viscosity. In general, 
the oxidation stability of the synthetic lubricating oils is 
equal, if not superior, to that of highly refined natural 
lubricants. Any oxidation that does occur in the case of the 
synthetic oils results in the formation of organic acid rather 
than sludge, and tests have shown the acid formation to 




Fig. 4. S>nthctic lubncating-oil plant at Whiting, Indiana. Twin polymerizcrs in bfi foreground, receivers at right \\ith settlers 

and stills in background; pump-house intermediate 
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be of the same order of magnitude as with naturally 
occurring oils. The values for the Sligh oxidation test and 
Conradson carbon shown in Table VIII are indicative of 
chemical stability. 

Discussion and Uses 

The raw materials employed and the complicated method 
of manufacture make the synthetic oils inherently more 
expensive in the U.S.A. than conventional lubricating oils, 
and accordingly at the time the manufacture of the synthetic 
oils was started it was believed that their principal use would 
be in such units as transmissions, steering gears, hydraulic 
shock absorbers, and the like, where the amount of oil 
required is not large and where the practically negligible 
loss makes the cost of the oil of comparatively little 
moment. The synthetic oils are most admirably adapted 
to these uses, although they require blending with another 
stock if ‘E.P.’ (extreme pressure) properties are desired. 

Table IX 

Lowest Temperature at which Various Lubricants will permit 
satisfactory G ear-shift inp[ 


wax containing products as in Tables IX, X, and XL It also 
appears that synthetic oils would be desirable for use in 
hydraulic shock absorbers and hydraulic brakes as a means 
of eliminating close clearances. Here, relatively high vis- 
cosities at normal temperatures could be employed without 
incurring excessive interference at low temperatures. 


Table X 

Permissible Temperatures of Typical Lubricants for Low- 
temperature Steering Effort with Cam^ and Lever-type Gear 



Viscosity, sec. 

Oil 

100° F. 

130° F. 

210° F. 

Synthetic 

3,500 

1,250 

200 

B 

5,000 

1,580 

200 

C 

12,500 

2,540 

200 

Synthetic 

2,300 

930 

160 

B 

3,800 

1,180 

160 

C 

8,500 

1,800 

160 


Temperature limit 
for satisfactory 
steering (50,000 
poises), F. 

-25 
-6 
22 
-33 
— 0 
17 


Table XI 


Oil 

Viscosity, sec. 

1 

Viscosity 

index 

Temperature, ° F. 

I Jar 3-lb. 

j shifting effort 

j in transmissions no. 

100^ F. 

1 130° F. 

210° F. 

1 

2 

3 

Synthetic 

3,500 

1,250 

200 

102 

18 

11 

11 

B 

5.000 

1,580 

200 

81 

34 

25 

25 

C 

12,500 

2,540 

200 

32 

57 

50 

50 

Synthetic 

2,300 

930 

160 

106*5 

11 

3 

3 

b 

3,800 

1,180 

160 


29 

20 

20 

C 

8.500 

1,800 

160 

42 

52 

45 

45 

Synthetic 

1,610 

640 

120 

100 

5 

-2 

-2 

U 

2,100 

770 

120 

78*5 

18 

11 

11 

C 

4,300 

1,140 

120 

37 

42 

35 

35 

Synthetic 

800 

1 335 

80 

99 : 

-8 

-16 

-16 

B 

925 

380 

80 

84 

0 

-7 

-7 

C 

1,550 

515 

80 

9 

23 

16 

16 

Synthetic 

245 

121 

50 

99*5 

-33 

-40 

-40 

B 

285 

130 

50 

81 

-23 

-29 

-29 

C 

380 

152 

50 

24 

-7 

-13 

-13 


The desirable viscosity characteristics of these products 
may be illustrated by comparison with conventional non- 


Comparative Viscosities of Synthetic and Typical Oils at 
Normal Temperatures 



Viscosity at ° F. 

1 

~10 1 

70 

100 

130 

Oil 

Stokes* 

sec. 

sec. 

sec. 

Synthetic 

1,300 

3,250 

1,100 

465 


1,300 

3,000 

1,050 

450 

B 

1,300 

2,400 

815 

335 

c 

1,300 

1,400 

465 

185 


* Viscosities at low temperatures are expressed as kinematic 
viscosities in ‘stokes’; that is, the absolute viscosity in poises divided 
by the density of the oil. 

The outstanding feature of the synthetic oils for use in 
the lubrication of internal-combustion engines is virtually 
unlimited stability towards sludge-forming oxidation, which 
is reflected in almost total absence of deterioration, even 
under strenuous engine-operating conditions. Table XII 


Table XII 


Dynamometer Tests 


Test ref. 
group no. 

Oil 

Vis. at 

Orig. 

210° F. 

50 hr. 


fl 

Synthetic 

108 

140 

A 

2 

A 

122 

195 


l3 

C 

85 

131 


fl 

Synthetic 

124 

■ ’ 

b| 


A 

123 



1 

B 

121 




Synthetic 

IS 

134 

c| 

2 

B 

88 

no 


[3 

C 

95 

208 


M 

Synthetic 

75 



2 

B 

88 



13 

C 

72 



Acidity, 

mg. 

KOH per 
g’ 

Combustion 

chamber 

carbon, 

g- 

Sludge, % 

Carbon 

Asphaltenes 

1*0 

5*2 

0*12 

0*003 

19 

150 

093 

0 008 

16 

7*9 

0*35 

0*70 


10*3 


0*005 


12*7 


0 011 


16*2 


0*045 


12*9 




16*0 


004 


19*3 


3*5 


4.9 




21*5 




9 6 




Croup 

Engine 

r.p.m. 

1 b.h.p. 

Duration, 

hr. 

Temperature, ° F. 

\ Oil sump 1 

Cyl. head 

A 

Air-cooled 

1,500 ' 

i 24 

50 

275 

435 

B 

Air-cooled 

1,500 

24 

50 

236 j 

443 

c 

Air-cooled 

1,500 

24 

50 

230 , 

430 

D 

Water-cooled 

1,200 

9 

50 

185 1 

’ ’ — 
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gives the results of several series of dynamometer tests 
which serve to illustrate this particular point. The first 
three groups of tests in this table were conducted primarily 
for the purpose of obtaining comparative sludging data 
under rather severe conditions. The oil-sump temperatures 
were rather high, and in particular the cylinder tempera- 
tures indicated imposed a severe duty on the oil, as it was 
being continually subjected to contact with the under sides 
of very hot piston heads in the presence of oxygen and in 
a rather finely divided state. As a matter of fact these condi- 
tions were not far removed from those obtaining in air- 
cooled super-performance aircraft engines. All of these 
tests were of 50 hours’ duration and were made without 
the addition of oil after the start of the run. This was 
accomplished by filling the sump at the start with IJ 
times the usual amount of oil. This procedure, 
while not strictly in accordance with general practice, 
furnishes a reliable means of comparison without the 
necessity of compensating for ‘make-up’ oil in the samples. 
The oils used for comparison and designated ‘ A’, ‘B’, and 
‘C’ were high-grade conventional products from three 
different typical crude sources, covering the usual range of 
such sources. In every case it will be noted that the syn- 
thetic oil produced the least amount of combustion- 
chamber carbon, in spite of its low volatility, and that it 
gave the lowest asphaltene content in the crankcase oil at 
the end of the run. This is quite important, as it has been 
noted quite consistently that the more rapid the asphaltene 
formation, the greater the tendency towards ring-sticking. 
No data on asphaltene formation were obtained in the last 
group of tests in Table XII, as this series was carried out for 
the purpose of determining carbon-forming tendency only. 


Conclusion 

Comparison of the properties of synthetic oils with those 
of natural lubricating oils results in certain justifiable deduc- 
tions. Natural naphthenic oils of low API. gravity and low 
viscosity index resemble the polymers of cyclohexene and 
turpentine. It therefore follows that such oils are probably 
polynaphthenes (or aromatics) with most of the carbon 
atoms in or attached to the rings. Natural paraffinic oils 
are of lower API. gravity for a given viscosity than the 
synthetic oils described, and are probably polynaphthenes 
in which there are relatively few rings, but in which long 
normal chains are prominent in the structure. These 
deductions arc supported by consideration of the properties 
of the cracked distillates from such oils and of the proper- 
ties of the polymers of these distillates. It is improbable 
that any naturally occurring lubricants arc highly branched 
acyclic compounds. 

While the major emphasis has been placed on the making 
of products superior to those occurring in nature, the field 
extending in the other direction has not been overlooked. 
The polymers of cyclohexene, and particularly turpentine, 
arc more susceptible to change in viscosity with tempera- 
ture than any natural oils. This is also true of the polymers 
of cracked distillates from naphthenic charging stocks. In 
general, the products obtained by the polymerization of 
cracked distillates from a given crude oil possess consider- 
ably poorer viscosity-temperature susceptibilities than the 
viscous fractions of the same crude. Further, if polymerized 
oils are cracked and repolymerized, the repolymerized oils 
become successively worse. Thus it can be seen that by 
proper choice of raw material synthetic oils of almost any 
desired properties can be produced. 
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PARAFLOW 


By G. H. B. DAVIS, A.B., S.M., and J. C. ZIMMER, Ph.D, 

Standard Oil Development Company of New Jersey 


Paraflow, a pure synthetic hydrocarbon oil, was intro- 
duced to the petroleum industry in the autumn of 1931 [3]. 
The development of Paraflow-treated lubricating oil made 
it possible to substitute a simple blending operation 
for the uneconomical dewaxing of paraffin base oils 
ordinarily employed to prepare lubricants which will flow 
freely at low temperatures. The addition of 0*25 to 1-5% 
of Paraflow to a wax-containing motor oil will lower the 
pour-point from around 30"^ F. to below 0^ F., frequently 
resulting in a total reduction of 40 to 60° F, without the 
disadvantages incident to dewaxing to a comparable cold 
test. 

As a result of the increasing personal and commercial 
dependence on all the year motor transportation under 
all climatic conditions, more and more pres sure has been 
brought to bear upon the manufacturer of petroleum pro- 
ducts for improved lubricants for low-temperature service. 
Prior to the development of Paraflow the only response 
of the petroleum industry to this demand was ‘totally’ 
dewaxed lubricants of low cold test. 

The Significance of Low Cold Test 

The most significant fact in connexion with low pour- 
point (other factors being the same) is that it has very 
little, if any, influence on ease of cold-weather starting 
or cranking speed at low temperature; but that it does 
facilitate the flow of oil to bearings at low temperatures 
which tends to prevent bearing failure and to minimize 
engine wear during and immediately after the motor is 
started. 

Actual tests on motor-cars at low temperatures have been 
reported by Blackwood and Rickies [2, 1931] and by 
Larson [6, 1931] showing that cranking speed is not 
affected by pour-point. They report that cranking speed 
is a function of the extrapolated viscosity rather than the 
higher ‘false’ viscosity due to the thixotropic structure of 
paraffin base oils below their pour-points. 

Lederer and Zublin [7, 1931] using a laboratory set-up 
consisting of a cylinder moving up and down at constant 
speed against a piston suspended from a balanced beam 
have obtained results which corroborate the above con- 
clusions that hard starting does not follow the ‘false’ 
viscosity of oils below their pour-point. They feel, how- 
ever, that pour-point has some bearing on cold shear or 
breakaway resistance. 

That the cold test plays an important part in the pumping 
of oil to engine bearings is a well-established fact. Lederer 
and Zublin [7, 1931] point out that channelling at the pump 
with paraffin base oils occurs at about 10° F. below the 
pour-point. They also find that at pour temperatures or 
slightly above, the quantities pumped of various oils of the 
same viscosity at 210° F. are roughly proportional to their 
viscosity indices. 

Becker [1, 1931] finds that extrapolated viscosities at 
the temperature of pumping and the pour-point of the 
oil are of equal importance in getting an adequate supply 
of oil to the bearings when starting a cold engine. Mougey 


[8, 1930] states that high pour oils are responsible for 
excessive wear in engines during cold starting due to the 
lubricant not reaching the rubbing surface quickly enough. 

Effect of Severe Dewaxing on Lubricating Oils 

Dewaxing to low pour-point has generally been thought 
of as giving improved lubricating oils and in many quarters 
dewaxed oils have been considered as of the highest 
quality. There remained, however, some doubt as to the 
soundness of this conclusion and thorough investigation 
has shown that with the exception of the reduced pour- 
point, severe dewaxing definitely lowers rather than im- 
proves the quality of lubricating oils. 

The immediate effects of dewaxing upon the physical 
characteristics of motor oils have been studied by Davis 
and Blackwood [3, 1931] who found that dewaxing to 
0° F. or lower pour-points resulted in decreased viscosity 
index and lubricating characteristics, somewhat increased 
volatility and poorer oxidation stability. 

The decrease in the viscosity index of paraffin base oil 
resulting when the paraffin content is reduced becomes 
easily understandable when it is realized that most paraffin 
waxes have viscosity indices considerably higher than the 
best paraffin base oils from which they were obtained. 

The viscosity index or temperature-viscosity relationship 
has been shown to be of particular significance in its effect 
upon cold starting, delivery of oil to bearings and oil 
consumption. This is apparent since for a scries of given 
oils of the same viscosity at 210° F. the higher viscosity 
index oils will have lower extrapolated viscosities at 0° F. 
and consequently will start easier at low temperatures. 
On the other hand, the high-viscosity index oils have higher 
viscosities at elevated temperatures, for instance 350° F., 
and consequently will ensure adequate lubrication, with 
less oil consumption in a hot engine at high speed. Prob- 
ably the best study of the question of oil consumption has 
been presented by Mougey [9, 1931], who lists four pro- 
perties of the oil as contributing to oil consumption. 
These are {a) Viscosity, (h) Volatility, (c) Cold Test, and 
{d) Carbonization or sticking of piston rings. 

As a result of the need for motor oils of improved per- 
formance under cold starting conditions and low con- 
sumption at subsequent hot engine temperatures there have 
recently appeared on the market several motor oils having 
viscosity indices 20 to 30% greater than those of the usual 
paraffin or mixed base oils. As these improved lubricants 
give promise of revolutionizing automotive engineers’ 
specifications for all-year grades of motor oil it is obviously 
undesirable to dewax or treat a motor oil in any way 
which may lower its normal viscosity index. 

Although the effect of dewaxing on volatility and oxida- 
tion stability is somewhat difficult to demonstrate, Davis 
and Blackwood [3, 1931] have shown that dewaxing does 
increase the volatility of motor oil, particularly of the 
lighter grades, by comparing the distillation temperatures 
for the first 40% overhead by the Vacuum Engler distil- 
lation method. 
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They also studied the effect of dewaxing on the resistance 
to oxidation of lubricating oils. The results of their 
laboratory oxidation tests showed that dewaxed oils were 
inferior to wax-containing oils in three ways, namely: 
volatility loss, sludge formation, and increase in viscosity. 
The relationship between oxidation characteristics of motor 
oils and their performance in internal combustion engines 
is too uncertain to warrant definite claims. A number of 
contributing factors such as moisture and dilution in the 
crankcase, acidity of combustion products, the effect of 
metal surfaces and other factors make good correlation 
difficult. In general, it may be concluded that those oils 
most resistant to oxidation will retain their lubricating 
properties longer than more easily oxidized oils. 

Dewaxing of motor oil in addition to reducing oxidation 
stability also degrades the oil from the standpoint of 
lubrication and oiliness. In 1918 Hardy [5] reported data 
pertaining to the coefficient of static friction of paraffins, 
indicating that the paraffin waxes were slightly superior 
to other hydrocarbons of equivalent molecular weight, and 
that certain of the paraffin waxes compared favourably 
with oleic and stearic acids which are sometimes used as 
oiliness agents in lubricating oils. The oiliness character- 
istics of paraffin waxes have been further discussed by 
Robinson [10, 1933] and by Wardner [12, 1934] who con- 
cluded that portions of the petrolatum and heavy ends of 
bright stocks which are removed in severe dewaxing 
operations are responsible to a large extent for the superior 
lubricity of Pennsylvania motor oils. Wardner [12, 1931] 
has isolated and tested these natural oiliness agents which 
he has designated as proto petrolatum and proto oils. 

The results of tests on dynamic friction machines at the 
Laboratories of the Standard Oil Development Company 
have shown that the paraffin waxes have better frictional 
characteristics than the oils from which they were derived. 
Furthermore, tests on the General Motors pin and bushing 
machine, which has been extensively used to determine 
the load-carrying ability of lubricants, indicate that the 
paraffin waxes arc superior to oil lubricants of the same 
Saybolt viscosity at 210® F. [3, 1931]. 

Under conditions of normal operation in internal-com- 
bustion engines the variation in frictional coefficient aside 
from the viscosity effect is negligible. However, under 
unusual situations such as reduction in lubricant supply, 
unusually tight-fitted bearings, or during the starting and 
stopping periods, it may be argued that the high oiliness 
of certain oils will carry over the temporary deficiency 
without undue wear of the engine parts. To the extent 
that this conclusion is sound, the extra factor of safety 
in a waxy oil is of value in running-in new motors and 
during the initial operating period in cold weather. 

The foregoing discussion has shown that dewaxing an 
oil while improving the pour-point results in an inferior 
product from the standpoint of viscosity index, volatility, 
oxidation stability, and oiliness as compared to the un- 
dewaxed oil of the same viscosity. Individually, the changes 
in most of these items are small, but collectively they are 
of considerable importance when producing oils of the 
highest quality. As a consequence, petroleum refiners have 
for some time devoted considerable research toward 
development of some means for overcoming the high pour- 
point of waxy oils without the disadvantages incident to 
severe dewaxing. Paraflow was the result of such an 
investigation and its development has made it possible to 
produce improved low-pour paraffin-base motor oils at a 
cost less than the equivalent dewaxing and in addition 


eliminated the considerable losses of material which accom- 
pany the dewaxing operation. 

The Development of Paraflow 

It has been known for some time that certain metallic 
soaps, coal-tar residues, acids, &c., and even naturally 
occurring constituents in oils may lower the pour-point of 
waxy lubricants. For instance, it is frequently observed 
that the pour-point of steam refined Pennsylvania residuals 
increases from 10 to 40® F. after clay filtration indicating 
that the natural pour-point reducers present in this type 
of oil have been removed by adsorption on the clay. 

The use of the above materials for the purpose of 
obtaining low cold-test oils, however, has not been satisfac- 
tory. The chief difficulty is that the reduction of the pour- 
point is not permanent. The metallic soaps such as 
aluminium stearate are susceptible to moisture. Conse- 
quently, although the initial inspection of the soap-oil 
blend may show a low pour-point, even the small quantity 
of condensation moisture normally present in automotive 
crankcases quickly causes hydrolysis of the soap and the 
pour-point of the lubricant reverts to its original high 
value. Not only is this type of material ineffective under 
operating conditions, but such soaps also frequently cause 
serious difficulty due to their emulsification tendencies. 
The coal-tar or similar residues have not been employed 
for pour-point reduction, since, besides degrading the oil, 
they do not form permanent solutions in most cases. Other 
possible pour-point inhibitors as complex esters, amides, 
and similar derivatives have had little commercial applica- 
tion either due to instability, high cost of production, or the 
necessity of using comparatively large quantities in order 
to secure a practical degree of pour-point depression. 

The development of Paraflow was the result of a detailed 
investigation of the possibilities of preparing synthetic 
lubricating oils from petroleum products. As has been 
indicated above, it was known that certain heavy residual 
lubricants contain natural pour-point reducers to a greater 
or less degree. In order to obtain a product of greater 
stability and effectiveness a series of high molecular weight 
lubricating oils were synthesized in the laboratory, by the 
so-called Friedel-Crafts condensation reaction. The most 
effective and stable pour-point reducers were produced by 
reacting chlorinated paraffin wax with naphthalene or 
similar aromatic nuclei in the presence of the condensation 
catalyst, anhydrous aluminium chloride. This product, 
Paraflow, is a viscous hydrocarbon oil possessing pre- 
dominantly paraffinic characteristics and very similar in 
physical properties to a highly refined bright stock. A 
typical inspection of Paraflow (Table I) shows the viscosity, 
gravity, and carbon residue of a heavy grade of Pennsyl- 
vania bright stock. The viscosity index, however, is 
characteristically higher than that of ordinary oils indicat- 
ing a synthetic or specially refined product. Although 
Paraflow itself has a pour-point of about 25® F., the addi- 
tion of a small quantity to finished motor oils will lower 
the pour-point of the blend from 20 to 50® F. without 
otherwise affecting the characteristics of the lubricant. 

The Paraflow treating process for the production of 
low-pour paraffin-base lubricants consists simply of adding 
i to 1 J®/o of Paraflow to the oil while vigorously agitating. 
As is usual when blending very small quantities of material 
into comparatively large volumes of liquid, very thorough 
agitation is necessary in order to obtain a homogeneous 
solution. The susceptibility of lubricating oils to Paraflow 
is dependent on a number of factors, the kind and quantity 
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Table I 

Typical Inspections of Paraflow and Paraflow Treated Oils 



Paraflow 

■ 

S.A,E. 30 
motor oil 

Same | 
1% 

paraflow 

i 

S.A,E, 10 1 
motor oil | 

Same -i- 

paraflow 

Gravity, ° API. . 

23-8 

27-4 

27-5 

30-6 j 

30-4 

Say. viscosity, 

100° F. . 

3,612 

474 

481 

150 j 

161 

Say. viscosity, 

210° F. . 

214 

62 

62-3 

44-3 1 

44-4 

Viscosity index . 

106 

96 

97 

90 

99 

Pour-point, ° F. 

25 

30 

! -10 

30 1 

-10 

Flash-point, ° F. 

555 

415 

1 415 

380 i 

395 

Conradson 

carbon 

1-99 

i 0-815 

0-829 

0-014 1 

0-055 

Colour Robinson 

\ 

i 

2 

11 

10 

Demulsibility at 
130° F. . 


1 1,620 

j 

; 1,620 

1,620 * 

1,620 

Steam emulsion 
no. . 

i 

1 

i 30 

30 

i 1 

30 i 

30 


of wax, type of oil, refining process, and viscosity. These 
conclusions have been corroborated by Suida and Pohl 
[11, 1933], who have investigated the action 
of Paraflow on oils of all types. 

The Characteristics of Paraflow 
Treated Oils 

The effect of Paraflow on lubricating oils 
has been studied in detail by Davis and 
Blackwood [3, 1931], who report that be- 
yond lowering the pour-point, Paraflow has 
no effect other than that which would be 
expected upon the addition of the corre- 
sponding quantity of Pennsylvania bright 
stock to the oil in question, Table I. Para- 
flow being essentially a synthetic hydro- 
carbon lubricating oil has no deleterious 
effect on demulsibility or oxidation stability. 

Furthermore, it is unaffected by water, is 
completely miscible with and cannot be 
separated from mineral oils by the usual 
methods including caustic soda or sulphuric 
acid treatment. 

During the course of the development of 
Paraflow an extensive laboratory and held investigation 
of the properties of Paraflow treated oils was made. The 
results of this work showed that the reduced pour-point 
of Paraflow treated oils was permanent during storage 
under various conditions and on prolonged use in internal- 
combustion engines. Comparison of engine condition 
after operation on ordinary and Paraflow treated lubri- 
cants indicated that Paraflow has no detrimental effect on 
motor operation. 

In discussing the significance of pour-point it was pointed 
out that the ease of starting a motor was independent of 
the actual pour-point but dependent upon the extrapolated 
viscosity at the operating temperature. Determination of 
the torque required to crank the engine at various tempera- 
tures has shown this to be true for waxy, dewaxed, and 
Paraflow treated oils. Measurements made simultaneously 
with these cranking tests in order to determine the time 
required for the oil to start circulating in the delivery line 
from the pump showed that for temperatures down to 
about 5" F. below the pour-point the time required to 
establish oil flow was dependent upon the viscosity of the 
lubricants at that temperature. At lower temperatures the 
pumpability becomes a function of the pour-point. A 
25° F. pour oil showed no circulation below 10 to 15° F., 
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while the zero pour Paraflow treated or dewaxed oils 
flowed at -10 to — 15°F. 

Additional information on pumpability of motor oils 
has been obtained in the Laboratory of the Standard Oil 
Development Company with the apparatus shown in 
Fig. 1. The set-up consisted essentially of an 8-ft. coil 
of copper tubing connected to a Cadillac oil pump 
which was submerged in the oil under test. In the oil 
line were four pressure gauges and try cocks, each 2 ft. 
apart, and a pressure-relief valve. The pump and oil 
line were placed in a cooling bath, the temperature of 
which was held constant within ± 1° F. During operation 
of the pump, oil was withdrawn from the reservoir and 
was discharged through the pet cocks into containers so 
that the rate of flow could be accurately determined at any 
temperature or speed. The results obtained with dewaxed 
and Paraflow treated oil are shown in Table II. An inter- 
esting result of these tests was that the dewaxed oils failed 
to circulate at temperatures slightly below their pour- 
points due to channelling. A 1-in. core of the chilled oil 


extending from the pump suction to the surface of the oil 
in the reservoir was sucked into the pump and then flow 
ceased. 

Table II 


Cadillac Oil-pumping Tests 





Amount of oil pumped in Krammes ! 



Test 




— 

— 



Pumpinft 


temp. 

Time, 

Relief 






rate fj. per 


° F. 

sec. 

valve 

7 

2 

3 

4 

Total 

sec. 

Dewaxed 

10 

183 

1,657 

482 

1,023 


535 

3,697 

20-2 

Paraflow | 

10 

198 

1,430 

501 

1,050 

184 

472 

3,647 

18-4 

Dewaxed 

-10 

45 

307 

39 

76 

5 

* 

427 

9-5 

Paraflow 

-10 

183 

1,994 

225 

445 

51 

82 

2,797 

15-3 

Dewaxed 

10 

47 

203 

55 

102 

6 

* 

366 

7-8 

Paraflow 

-10 

187 

1,918 

225 

446 

40 

52 

2,701 

14-5 


♦ The dewaxed oil channelled after 45/47 sec. operation respectively and 
flow ceased. 


It will be noted that while dewaxed oil and Paraflow 
treated oil have practically the same pumping rate at 
10° F. (i.e. above their pour-points) the actual rate of oil 
circulation in the system with the Paraflow blend under 
test at — 10° F. was nearly twice as great as the dewaxed 
oil even during the short period prior to complete cessation 
of flow of the dewaxed oil. 
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These pumpability tests prove that a Paraflow treated 
oil will circulate in a motor at temperatures below its pour- 
point, showing that the pour-point is not a true indication 
of the performance of Paraflow oil in actual service. The 
plasticity of these oils at low temperatures is sufficient to 
prevent flow at the low rates of shear encountered in the 
cold-test jar under the conditions of the pour test, but in 
larger containers or in the crankcase they will flow at 
considerably lower temperatures. That plasticity or 
viscosity is responsible for the cessation of flow is indicated 
by the results tabulated in Tabic III. Small percentages 


Table III 
Effect of Dilution 



681210^ 

Motor oil without paraflow 

% dilution 

vis.inxr /TT 

yis.!2I0°F. 1 

V.I. 

Pour-point ® F. 

0 

565 

68-4 1 

102 I 

! 30 

3 

442 

63-2 1 

109 

1 30 

5 1 

376 

60-2 1 

115 ! 

i 30 

10 1 

259 1 

55-0 I 

130 I 

i 25 

15 

188 i 

49 0 

' 133 ! 

1 20 


1 




- 



68(210^ Motor oil +3 (4% paraflow 

dilution 

Vis.lJOO^'F, 1 

, Vis.l210^F. 

1 V.I, \ 

Pour-point ° F. 

0 

571 

68-4 

101 

5 

1 

521 

66-8 

1 105 

0 

3 

450 

' 63 6 

! 109 

-5 

5 

367 

; 59-2 

i 113 

10 

10 

263 

54-0 

i 125 

15 

15 

186 

j 48-6 

1 149 

1 

30 


of heavy naphtha approximating the dilution found in 
crankcase drainings were added to Paraflow treated and 
ordinary waxy oils. The reduction in pour-point with 
viscosity is quite evident in the case of Paraflow treated 
oils, whereas the pour-point of the ordinary oil is not 
materially altered. 

These advantages and the reliability of the Paraflow 
treating process which have been evidenced by laboratory 
and field tests have been completely confirmed by the 
widespread adoption of Paraflow by the motor-oil industry. 
During the four-year period 1931 to 1935 more than 200 
licensees who make over 1,500 brands of oil have used 
sufficient Paraflow to treat at least 300 million gallons 
of oil. 

The Mechanism of Pour Depression 

This wide application of Paraflow and its remarkable 
effect on the pour-point of paraffin base oils have naturally 
aroused considerable interest and speculation as to the 
mechanism by which only 0-5 to 10% of this material 
actually lowers the solidification temperature of a waxy 
oU 20-25° F. 

In order to obtain an insight into the action of Paraflow 
it is necessary to consider the factors underlying the high 
pour-point of waxy oils. Ordinarily the removal of 2 to 
5 % of wax from a paraffin-base neutral oil will lower the 
pour-point some 20 to 50° F. depending upon the nature 
of the wax. Conversely the pour-point of a wax-free oil 
may be raised to the same extent by the addition of a similar 
amount of paraffin wax. Examination of such an oil at or 
below the pour temperature indicates that solidification is 
due to the formation of a plastic gel of wax and oil. The 
structure of this gel has b^n studied under a polarizing 
microscope equipped with a cold stage which could be 


cooled to —40° F. [13, 1933]. Wax-free oils when chilled 
to below their pour-point have the characteristic appear- 
ance of an amorphous solid with only occasional evidence 
of crystalline material when viewed with polarized light 
under the microscope. A Pennsylvania neutral, however, 
under the same conditions showed a network of inter- 
locking elongated wax crystals (Fig. 2). High pour oils 
blended with bright stock, on the other hand, showed 
comparatively small petrolatum crystals (Fig. 3). Evi- 
dently the network of elongated wax crystals is not 
necessarily the only cause of the high pour-point of waxy 
oils, although it does play a part particularly in the over- 
head distillates. This was proved by running this type of 
oil through a homogenizer at 15 to 30' F. below the pour- 
point in order to break up the wax structure. This treat- 
ment resulted in an immediate reduction of some 20° F. 
in the solidification temperature, but on standing at this 
temperature recrystallization took place with a gradual 
increase of the pour-point to the original value. Similar 
attempts to lower the pour-point of cylinder stock con- 
taining small petrolatum crystals by mechanical working 
were unsuccessful. 

Casual inspection of the oil petrolatum wax gel indicated 
that the oil is firmly held by the wax probably by surface 
adsorption and not merely entrained in wax network — 
although true solvation or adsorption commonly occurs 
only with amorphous substances such as gelatine or rubber, 
a limited solvation or more properly ‘surface adsorption’ 
frequently occurs between crystalline material and liquids, 
for example, paint pigments and their vehicles, soaps and 
water or oil as in lubricating greases, &c. An idea of the 
extent of such oil adsorption on the surface of waxy 
crystals can be obtained from the behaviour of paraffin 
and petrolatum wax-oil gels when pressed. Pressing of 
paraffin distillate removes the greater portion of the oil 
which is entrained in the free spaces between the large 
interlocking crystals. However, an appreciable amount of 
oil remains in the slack wax due to adsorption on the 
crystals. The oil content of petrolatum, on the other hand, 
cannot be reduced by pressing, partially on account of the 
lack of pores but also due to the increased oil adsorption 
which would be expected due to the greatly increased 
surface area of the small crystals. 

These observations indicate that the high pour-point of 
oils containing paraffin wax are partially due to entrain- 
ment of oil in a crystal network and partially to oil adsorp- 
tion on the surface of the wax, whereas the high pour-point 
of oils containing petrolatum wax are due almost entirely 
to oil adsorption on the surface of wax crystals. 

The addition of Paraflow to a paraffin base-neutral oil 
has a marked effect on the crystallization of wax. Observa- 
tion under a microscope of a waxy neutral oil containing 
Paraflow during chilling to and below the normal pour- 
point shows only a slight lowering of the crystallization or 
cloud temperature. However, there is a decided decrease 
in the size of the wax particles. Paraflow retards the growth 
of the crystals in proportion to its concentration up to 
a maximum at about 2%. Although the shape of the 
crystals may be changed from the needle type to small 
equiaxial grains, there is no evidence of any alteration in 
the crystal system. The extent to which crystal size may be 
reduced is illustrated in Figs. 4 and 5, showing photo- 
micrographs of a 30° F. pour Pennsylvania neutral con- 
taining 0, 0*5, and 1-5% of Paraflow. The decrease in 
crystal size varies considerably with different oils and waxes, 
being necessarily only slight in the case of bright stocks 




Fici. 9. 150 neutral. -i0-5"oPara- 
llow. 5 pour. 100 \ immediately 
after chilling to 25 ' F. 


Fici. 10. 1 50 neutral. 1 0-5 Para- 
How. 5 pour. 100 •. 22 hours after 
chilling to 25 ' F. 


Fk;. 1 1. 150 Penns>lvania neutral. 
! 1 •0';o degras cloud inhibitor only. 
30 pour. 100 24 hours after 

chilling to 25 ’ F. 
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or their blends which normally contain relatively small 
petrolatum crystals. Since these blends are susceptible to 
pour suppression it is apparent that the effect of Paraflow 
is not entirely due to reduction in the size of wax crystals. 

It has been indicated above that oil adsorption probably 
plays the major role in causing solidification of waxy oils. 
Evidently, therefore, Paraflow must have some effect upon 
the amount of oil adsorbed by the wax. Indications of the 
effect of Paraflow on oil retention by wax were obtained 
by vacuum filtration at 32" F. of 5% wax blends in a 150 
Saybolt viscosity at 100"^ F. wax-free synthetic oil and in 
a 45'" API. gravity Stoddard solvent naphtha. In the 
presence of Paraflow there was no gel formation, and a 
comparatively dry wax cake containing only some 5% 
of oil was obtained in contrast to slushy wax mat containing 
some 30 to 50% of oil when no Paraflow was present. 



Paraflow has two effects upon wax ci 7 Stallization: it 
reduces the size of the wax crystals and it greatly de- 
creases the amount of oil held by the v/ax. The reduction 
in wax crystal size by Paraflow might be due either to 
action as a crystal-seed former or to coating over the 
surface of a growing wax crystal and thus stopping crystal- 
lization. It is improbable that crystal-seed formation 
occurs since wax-free pure Paraflow shows no indication 
of crystallization even at —40*" F. The fact that the amount 
of Paraflow remaining in an oil blend after chilling and 
removal of the wax increases directly in relation to the 
quantity of Paraflow initially added indicates that coating 
of the crystal surface or adsorption is taking place. The 
distribution of Paraflow between wax and its solvent was 
determined by filtration at O'" F. of 5% paraffin wax 
blends in 45° API. gravity Stoddard solvent naphtha con- 
taining increasing amounts of Paraflow. The precipitated 
wax and Paraflow were blended in wax-free oil for pour 
determinations, and the amount of Paraflow estimated by 
comparison with the pour-point of similar blends contain- 
ing known amounts of wax and Paraflow. The results 
which indicated that the distribution of Paraflow between 
wax and solvent follows the general adsorption laws are 
shown in Fig. 6. The results, although not quantitative, 
show that up to about 2% concentration the greater pro- 
portion of the Paraflow was removed with the wax. This 
value lies very near the quantity necessary to give maximum 
pour reduction and probably is just sufficient to coat all the 
wax crystals. 

Further evidence of the adsorption of Paraflow on the 
surface of wax crystals has been found in the similarity of 


its action on wax and the dehydration or coagulation of 
colloidal dispersions by electrolytes. This effect of Paraflow 
on ‘amorphous’ and crystalline waxes is illustrated in 
Figs. 7 and 8. A 90-pour cylinder stock blended with I % 
of a special Paraflow immediately after chilling to 70° F. 
and the same sample after 24 hours at this temperature, 
illustrates the agglomeration of the small wax particles into 
loose clusters. The action of Paraflow on crystalline wax 
in a neutral oil of 150 Saybolt viscosity at 100° F. under 
similar conditions is illustrated in Figs. 9 and 10. This 
agglomeration of wax particles is significant in that it is 
characteristic of all types of pour depressants so far 
examined. These wax clusters form only when the oil 
remains undisturbed and the crystals arc free to move about 
in the fluid oil. The clusters are easily broken up by slight 
agitation. The effect of degras (lanoiine) on a neutral oil 
is shown in Fig. 11. Such materials markedly reduce 
crystal size but do not affect the pour-point nor do they 
show agglomeration of wax crystals. 

Thus the action of Paraflow consists essentially of coating 
the surface of wax crystals, thus stopping their growth and 
displacing the layer of adsorbed oil which ordinarily would 
form a high pour oil wax gel. 

The deposition of Paraflow on the wax crystal and the 
inhibition of oil adsorption requires diffusion of the pour 
inhibitor through the oil layers surrounding the growing 
particle of wax which involves a certain time element. As 
a result of this slight lag in the formation of the Paraflow 
surface, the effect of the pour inhibitor can be partially 
masked by sudden shock chilling of the oil blend. If a 
Paraflow treated oil is chilled, say at 5 to 10° F. per min., 
the Paraflow does not have time to entirely inhibit oil 
adsorption, and the resulting shock-chilled pour-point may 
be 5 to 15° F. higher than would be obtained if chilling 
were done in the normal manner or at the much slower 
rate at which an automobile crankcase cools off. A similar 
effect may also be noted occasionally if narrow cut, very 
light neutral oils containing Paraflow are alternately 
chilled and warmed while in storage to temperatures 
slightly above the cloud-point without the agitation such oils 
receive in actual service in automobile engines. However, 
if small percentages of bright stocks or other heavy 
lubricating oil fractions are added to the light oil entirely 
stable low-pour blends arc produced. 

Paraflow as an Aid in Dewaxing Operations 

The effect of Paraflow in reducing the amount of oil 
adsorbed or held on the surface of wax crystals and its 
ability to cause rapid agglomeration of small wax particles 
into relatively large clusters has found a wide application 
in the dewaxing of motor oil distillates and in the prepara- 
tion of low-pour bright stocks. The presence of small 
quantities of Paraflow cuts down the petrolatum loss in 
centrifuging or cold settling of amorphous stocks and also 
makes it possible to cold settle the wax from heavy dis- 
tillate oils which ordinarily cannot be dewaxed by cold 
settling. 

The action of Paraflow in dewaxing by cold settling is 
illustrated in Tables IV and V. The data indicate more 
rapid settling (increased throughput) and considerably 
higher yield of dewaxed cylinder stock in the presence of 
Paraflow. The motor-oil distillate normally showed no 
separation of oil and wax but set to a solid gel on chilling. 
The addition of Paraflow prevented gelling and with the 
optimum amount of the dewaxing aid and rate of cooling 
an 80% yield of clear oil was obtained. 
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Table IV 


Cold Settling Cylinder Stock in 25: 75 Solution 




1 Volume of clear oil settled — 

Chilling rate 

% paraflow 

in 2 hr. | 

in 24 hr. 

100° F. to0° F. in 

00 

% 

50 

% 

66 

2 hr. 

01 1 

58 

73 


0 3 1 

63 

77 

1 

10 i 

66 

78 

80° F. to 0° F. in 

00 

24 

60 

15 min. 

01 

30 

66 


0-3 1 

32 

71 


10 I 

1 64 

88 


Table V 

Effect of Paraflow in Cold Settling of Mid-Continent 
Motor-oil Distillates 


Amount of separation clear layer in 25:75 solution 



0 to 30° 

i cut 

30 to 60 % cut 

60 to 90 

« cut 

% paraflow 

Untreated | 

Treated 

Untreated 

Treated 

Untreated 1 

Treated 

00 

0* 1 

0 

0 

0 

^ i 

0 

0-25 

63 1 

16 

70 

15 

75 ! 

2 

0-5 

80 1 

55 

76 

36 

64 1 

3 

10 

74 

69 

80 

58 

70 

43 

20 1 

63 

i 

80 

1 87 

j 58 

65 1 

55 


* Solution set to a solid gel. 


! Character of the Treated Distillates 


0 to 30 cut \20 to 60% cut^O to 90%^ cut 


Gravity ° API. . 

28-5 1 

28-3 

28-2 

Flash, ° F. . 

430 1 

490 

540 

Fire, ° F. . 

510 1 

575 

630 

Viscosity 210° F., S.U. 

490 ; 

58-6 

74-7 

Colour Tag Robinson . 
Colour after 1 hr. at 

12 ! 

m 

9i b 

300° F. . 

lOJ 

lOi 

9 + 

Pour, ° F. . 

105 

115 

130 

Carbon residue, % 

1 

021 

1 0-50 


Inasmuch as centrifuging is a mechanical means of 
speeding up cold settling of wax, Paraflow naturally would 
be expected to be equally beneficial in centrifuge dewaxing. 
Unfortunately, this is not always true. There are two 
requirements for satisfactory centrifuge operation: 

(1) Easy separation of the blend into petrolatum and 
oil naphtha solution. 

(2) Formation of petrolatum which is sufficiently fluid 
to prevent plugging of the bowl. 

Cylinder stocks which normally can be satisfactorily 
centrifuged frequently form dry hard petrolatum which 
plugs the bowl when Paraflow is present. This is due to 
the fact that Paraflow greatly decreases the amount of oil 
held by the wax. Although this cuts down the loss of oil 
in the dewaxing operation, this economy does not com- 
pensate for the difficulties due to stoppage of the centrifuge 
bowl. 

On the other hand, the addition of small amounts of 
Paraflow to semi-crystalline or slop wax permits a higher 
ratio of oil to naphtha in the blend and greatly reduces 
the petrolatum losses. The use of Paraflow in conjunction 
with small amounts of petroknum will often permit satis- 
factory centrifuging of semi-crystalline cylinder stocks or 
slop-wax motor-oil distillates which normally cannot be 
satisfactorily dewaxed by this method. The economies 
resulting from the use of Paraflow in centrifuge dewaxing 
are threefold — elimination of the rerunning to partially 
crack slop or semi-crystalline wax cuts in order to permit 
centrifuge operation, increased throughput due to the 
higher ratio of oil to naphtha permissible, and lastly 
decreased losses of oil in the petrolatum fraction. 

The use of Paraflow in the preparation of zero pour 
centrifuged motor oil also presents certain advantages. 
The production of 0 F. pour oils usually requires centri- 
fuging at "50 to “-60' F. As it can be conservatively 
estimated that refrigeration constitutes 60';;^ of the average 
dewaxing cost, large economies are possible if the centri- 
fuge dewaxing can be carried out at higher temperatures. 
The use of Paraflow eliminates the necessity of chilling 
to excessively low temperatures, and thus reduces dewaxing 
refrigeration costs 20 to 35®,',. 
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WAXES 

THE COMMERCIAL GRADES OF PARAFFIN AND THEIR 

APPLICATIONS 
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The series of operations directed towards the preparation 
of paraffin in a marketable form consists of the following 
steps : 

1. Preparation of the required wax distillate fraction. 

2. Pressing of the wax distillate fraction either in single or 
in multiple stages; in the latter case the temperature 
is lowered from stage to stage of pressing. Slack wax 
or scale is obtained which contains from about 10% 
to about 30% of oil, the proportion depending on the 
pressing equipment and conditions. 

3. Sweating of the slack wax. This has a dual objective: 
(a) De-oiling of the scale to the degree required. Fully 

refined waxes contain less than 0 3% of oil. This 
operation also reduces the colour of the scale and 
helps, although to a limited degree, to reduce the 
odour. 

{b) Division of the de-oiled wax into products of 
various setting-points, the range of which depends 
partly upon the paraffinic constituents existing in 
the slack wax, partly upon the efficiency of the 
sweating equipment and operation, and partly 
upon the methods of resweating the more oily first 
and middle cuts. 

4. The finishing treatment for reduction of odour and 
colour according to market requirements. 

5. Moulding and packing of the wax for distribution. 

Steps 1-3 have been dealt with in other sections of this 

work and will be referred to in this section only in so far 
as they affect the quality of the finished product. 

Two distinct qualities of wax are commonly produced, 
namely, ‘Refined Paraffin' and ‘White Scale’. 

Refined Paraffin is, or should be, a well-sweated product 
containing less than 1 of oil, and more generally not more 
than 0*3%. It should be reasonably free from an excess 
of constituents of low setting-point which tend to confer 
excessive plasticity to the wax. It should appear quite 
colourless when in the solid state and only very slightly 
yellow in the liquid state. When the wax is to be used for 
impregnation or coating of paper or cartons it should be 
absolutely free from oily odour. 

White Scale is partly refined oil-wax mixture containing 
generally over 2% of oil, and, due to the limited amount of 
sweating involved in its production, a relatively wide range 
of paraffin hydrocarbons, which results in the material 
being highly plastic. The odour and colour of white scale 
are often quite good. 

Step No. 4 is dealt with under the heading ‘Market 
Requirements’ (see below). 

The Packing of Paraffin and White Scale for 
Distribution 

Paraffin. Refined paraffin is sold in the form of slabs. 
There are two main methods of slabbing, (a) ‘Pan’ mould- 
ing, (A) ‘Press’ moulding. 

Pan Moulding, As the term implies, pan moulding con- 


sists of casting the paraffin in shallow pans, the dimensions 
of which are generally about 24x 12x 2i in. The pans are 
charged in batteries, and the wax allowed to solidify to air 
temperature. 

Pan-moulded wax is characterized by the relative smooth- 
ness of the surface in contact with the mould, and the 
rougher nature of the surface cooled by direct contact 
with the air. 

The advantages of this method are the cheapness of the 
plant and the simplicity of the operation. 

The disadvantages are: 

(i) The appearance of the slab so obtained is not par- 
ticularly attractive, and large mottled areas are often 
evident. 

(ii) The crystal size tends to be comparatively large, 
which fact may lead to the impression that the wax is 
intrinsically crumbly. 

(iii) The wax, especially the grades of lower setting- 
point, tends to become blocked, i.c. the slabs to adhere 
together rather readily, when shipped under tropical 
conditions. 

(iv) The packing material tends to adhere to the wax. 

The present trend is towards the superccssion of pan 

moulding by press moulding. 

Press Moulding, The design of press-moulding equip- 
ment varies considerably in detail, but follows the same 
general plan. The plant resembles a filter press, moulds 
and cooling plates being placed alternately on the frame 
and being held in position by a ram. The sides of the moulds 
extend above the mould proper, so that excess of liquid 
may remain available to fill the space caused by shrinkage 
during solidification. When the moulds are full of wax, 
cold water is circulated through the cooling plates. 

The surface of press-moulded wax is dependent upon the 
nature of the mould surface ; the wax has a semi-opaque and 
slightly milky appearance, and often shows a tendency to 
split down the vertical axis of the cake. The ‘ shock ’ cooling 
results in a finer crystalline structure than that of pan- 
moulded wax, to which it is generally superior in points (i) 
to (iv) enumerated above. 

The disadvantages of the method are the higher cost of 
the plant, and the increased difficulty of preventing con- 
tamination of the wax. 

The intrinsic properties of the wax are, of course, un- 
affected by the method of moulding employed, although 
this fact has not always been appreciated by consumers of 
wax. 

By either method a slab of wax of approximately 14 lb. 
is usually produced. 

Packing of Refined Paraffin 

The slabs as described above are batched in 1 cwt. lots 
(8 slabs), covered with a light cotton covering, and sacked 
in gunny or hessian. The object of the cotton is to prevent 
contamination of the wax by the jute fibre of the sacking. 
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Method of Preparation of White Scale for Distribution 

As indicated above, white scale differs from refined 
paraffin by its higher oil content and its greater plasticity ; 
these characteristics, together with its lower price, account 
for its different method of packing and distribution. 

The usual method of packing white scale is as follows. 

A large revolving hollow metal roller dips into the molten 
scale, and cooling water is passed through the roller, so that 
the scale solidifies in a layer. This layer is scraped off by a 
long knife, the edge of which is held closely against the 
roller, and the detached scale falls down a chute into light 
wooden casks. 

Other Methods of Packing 

The methods described above refer to the packing of 
most refined paraffins and scales, but they are not readily 
applicable to waxes of very low setting-points (about 1 15° F. 
or below). In such cases the wax may be run into 4-gallon 
tins, or casks, while in the molten state. 

It may be noted that waxes packed in this manner, and 
also pan-moulded waxes, are not homogeneous solids, and 
the setting-point of a sample taken by coring, or broken 
from a slab, may not represent the true average setting-point 
of the whole block. The degree of variation obtainable 
from a pan-moulded sample is illustrated by the following 
diagram. 
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IMPORTANT PROPERTIES OF REFINED 
PARAFFIN FROM THE STANDPOINT OF 
ITS APPLICATION 

General 

The recognized method of classification of refined paraf- 
fin, as distinct from white scale, is by setting-point, since 
it is on this classification that the price is fixed. 

Superficially, therefore, the only requirements to be ob- 
served by the wax producer are: 

(1) that the refined wax is reasonably white (a usual 
figure being about 0*5 Y. to 1 Y. Lovibond 18 in. 
cell); 

(2) that it is firm or plastic, according to the setting- 
point, and not crumbly; and 

(3) that the setting-point as determined by the officially 
recognized method is within the specified limits. 

Refined paraffin, however, is remarkable for the diversity 
of its uses, which include candle making, impregnation or 
coating of wrappings and cartons, electrical uses, incorpora- 
tion in polishes, and innumerable minor uses. It is to be 
noted that paraffin is in most cases employed on account 
of its peculiar physical and mechanical properties. It fol- 
lows, therefore, that although the official basis of market- 
ing is setting-point together with a reasonable degree of 
refinement, other properties may be of greater importance. 
For example, in candle making it is desirable that the 
wax shall form a candle which can be easily ejected from 
the mould; for impregnation of paper and cartons for 
food packing the outstanding requirement is absence of 
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odour and taste; for electrical uses, high resistivity, high 
specific inductive capacity, and mechanical properties such 
as some degree of plasticity at low temperatures are of 
importance ; for manufacture of polishes an essential feature 
is the formation of a high lustre when the wax is in asso- 
ciation with the other ingredients employed. 

It will be appreciated that these examples might be 
extended almost indefinitely, but sufficient has been said 
to make it clear that a given wax may be of the required 
setting-point, colour, and degree of refinement, and may 
yet be unsuitable for one or other of the purposes quoted. 

Various properties will now be considered in detail. 

Setting-point of Refined Paraffin 

The method of classification by setting-point is generally 
the specification of the lower and upper limits of setting- 
point for each grade. For example, 130/135 F. grade 
represents paraffin having an average setting-point between 
these limits. The usual grades available for the market are 
100/105, 106/108, 110/115, 115/118, 118/120, 122/125, 
125/130, 130/135, 135/140, 140/145, 145/150. Certain grades 
of higher setting-point and petroleum ceresins are also 
produced. 

The setting-point as determined is of course only an 
average value, the wax consisting of a number of consti- 
tuents of various setting-points. 

Odour and Taste 

The complete absence of objectionable odour and taste 
in paraffin is becoming increasingly important as the 
application of the substance in the production of materials 
for packing food, tobacco, &c., becomes more general. 
Absence of odour is the most important property in such 
cases. 

The evaluation of wax in this connexion is a matter of 
some difficulty, because odour cannot be measured quantita- 
tively, at least so far as wax is concerned [9, 1935]. Neverthe- 
less, it is quite possible to distinguish between odourless and 
nearly odourless waxes in a relatively definite manner [8, 
1935]. It may be said that only comparatively few waxes 
reach the standard of complete absence of odour. In border- 
line cases the question of odour determination is liable to be 
a matter of mental bias on the part of the tester. In most 
instances, however, there is no question whether the wax 
is truly odourless or not. 

It is obvious that the user who really requires an odour- 
less wax cannot afford to take any risk and must err on the 
side of safety in all cases. At the same lime, it often occurs 
that a wax which has been subjected to the most rigorous 
tests as regards odour is forthwith maltreated, e.g. by over- 
heating, in its application by the consumer, and after 
a short time becomes far more odorous than any wax 
on the market. It can only be concluded that such mal- 
treated waxes can in many cases be used satisfactorily for 
the impregnation of food wrappings, since the observance 
of adequate care to avoid decomposition and oxidation by 
its exposure to excessively high temperatures appears to be 
neglected with much frequency. It is therefore at first sight 
somewhat difficult to account for the insistence of buyers 
on complete absence of odour in paraffin. The probable 
explanation is that odours are not all equally harmful in 
causing contamination of foodstuffs packed in wax wrap- 
pings, and that the most objectionable odour is that of oil of 
kcrosenic type. The presence of such kerosenic odours 
generally results from poor refining, and these odours arc 
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quite dissimilar to those due to decomposition or oxidation 
of the wax. It is probably reasonable to form a tentative 
conclusion that odour due to overheating is not neces- 
sarily harmful, but that odour which might be described as 
kerosenic is definitely detrimental. This, however, is only a 
general statement to which there are many exceptions, and 
the exercise of such precautions as will avoid the possibility 
of overheating of the wax is to be commended. 

Foodstuffs differ in their susceptibility to odour con- 
tamination; for example, butter scotch and meat appear to 
be readily contaminated by being wrapped in paper waxed 
with malodorous wax, and in general foodstuffs containing 
fats appear to be sensitive to such contamination. 

Odour in wax may arise from two main causes, apart 
from that of misuse by the consumer, to which reference 
has been made, and which will be discussed more fully in 
a later part of this article: 

(i) Inadequacy or inefficiency of refining. 

(ii) Contamination of the wax during the last stages 
of manufacture, or during shipment, storage, or 
distribution. 


(ii) Contamination. It is well known that paraffin is a 
powerful absorbent of volatile gases and odours of the 
organic type. It is therefore clear that after the final refinery 
treatment all care must be observed to avoid subsequent 
contamination, for example, with regard to the materials 
used for packing and the conditions of storage. 

Colour 

Closely associated with odour is colour, in the sense that 
any treatment which tends to produce an odourless wax 
also tends towards a reduction of the colour of the product. 
The converse, however, does not always hold good, for it 
is possible to apply a decolorizing treatment which has 
practically no deodorizing effect. 

The presence of colour in finished waxes may be due to 
the following causes: 

(a) To small proportions of oils, generally of a resinous 
or asphaltic nature. 

ib) To ‘reversion’ of the wax subsequent to its refine- 
ment, i.e. development of colour in a wax which has 
been refined to whiteness. 


(i) Refining. There is no general method for the produc- 
tion of odourless wax at an economic cost, but the following 
may be mentioned as factors which require to be con- 
sidered : 

(«) The Character of the Crude, Waxes produced from 
crude oils which contain strongly odorous constituents 
require special care in refining. 

(b) The Boiling-point Range of the Press Cut, The cut 
taken is naturally such that the pressing operation can be 
conducted at the most economic cost. In some cases the 
press cut may contain relatively volatile odorous consti- 
tuents which contaminate the slack wax and which arc 
removed only with difficulty in the subsequent refining 
operations. Distillation plant which affords good fractiona- 
tion is a great aid to the production of easily refined paraffin. 

(c) Sweating. As noted above, the sweating operation 
has a limited deodorizing effect, but the removal of odour 
may be substantial if the refined wax is obtained as the 
result of two or more sweating operations, the plant in 
which the final operations are conducted being kept free 
from odour contamination. 

(d) Finishing Treatment, The finishing treatment is 
designed to eliminate final traces of coloured and odorous 
substances. It may consist of filtration through an earth 
such as fuller’s earth or bauxite, or through bone black. If 
the previous stages have been conducted with efficiency, 
such a finishing treatment may be adequate for the pro- 
duction of odourless white wax. 

In some cases treatment with sulphuric acid is required. 
In this treatment the proportions and concentration of the 
acid and the temperature of the treatment are all of im- 
portance, and these factors vary with waxes from different 
sources. This is partly because the residual oils, to which 
the odour may be related, are differently affected by the 
acid. In some cases the result of acid treatment may be a 
substantial reduction of the oil content, e.g. 0 5% to 0-3%, 
while in other cases the oil content may not be appreciably 
affected. 

Thus each case requires to be worked out independently, 
and it may be taken as axiomatic that it is preferable to 
deal with odour elimination as early in the series of opera- 
tions associated with wax production as possible, i.e. in the 
production of the press cut, rather than to rely on a rela- 
tively stringent finishing treatment. 


With regard to {a) the remedy is more stringent refining. 

The question of ‘reversion’ is a complicated one. A state- 
ment of general applicability would appear to be the some- 
what obvious one that the better the refining to which the 
product has been subjected, the better will be its resistance 
to reversion. It seems probable that reversion arises from 
polymerization and oxidation of impurities existing in the 
wax, such as oil or resins. The rate and magnitude of such 
changes are much increased by the presence of traces of 
catalysts or by the action of light. Paraffin tends to hold 
relatively large proportions of air in contact with internal 
surfaces, so that if the requisite catalyst and oxidiz^ble 
material are present reversion may be relatively rapid and 
extensive. If, however, the wax has been well refined, and 
substantially all impurities removed, reversion may be of 
negligible significance. 


Oil Content of Paraffin 

The oil content of wax is of considerable importance 
with regard to its utilization. This will be apparent from a 
consideration of the table shown below. 


Qualitative Effect of Oil on the Structure of Waxes 
(S.P. 122 to 150 F.) at Normal Temperature 


Oil content 


Structure 


Less than 0-3 % 
0-3-0-5% 
0-5-0-75% 
0*75-1 -25% 


Hard and firm 
Slight tendency to mealiness 
Mealy to crumbly 
Crumbly to very crumbly 


This classification is not to be regarded as of general 
application. It refers to samples of 1(X) to 500 g. recast by 
heating the wax until it was about 20’" F. above the setting- 
point and allowing it to cool to room temperature. It is 
quoted simply to draw attention to the large effect of com- 
paratively small proportions of oil upon wax structure. In 
this case the viscosity of the oil was 70 seconds (Redwood) 
at 140° F. 

Waxes having setting-points below 1 22° F. do not exhibit 
this effect to anything like the same degree at normal 
temperatures, because the presence of constituents of very 
low setting-point masks the effect due to oil. However, a 
similar effect can be shown to exist by cooling such waxes 
to temperatures not less than 70° F. below their setting- 
points. The effect of small proportions of oil upon the 
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structure of wax is much greater than differences which 
exist between waxes (of equal oil content) of different 
setting-points, at least within the range 122 to 150^ F. For 
example, the structure variations at 60° F. obtained 
by reducing the oil content from 0 75% to nil are far 
greater than those existing between two waxes of 125° F. 
and 145° F. setting-point respectively, the latter being alike 
as regards oil content. 

It is, of course, not necessary to use wax of low oil 
content for all purposes, and this fact partly explains the 
relatively large market for the cheaper white scale. For 
example, wax to be used for manufacture of candles or 
night-lights, or for impregnation of matches, may contain 
a small proportion of oil without detriment. On the other 
hand, waxes of low oil content are preferred for waxing 
paper and cartons, and in the applications of wax in the 
electrical industry the presence of oil is not conducive to 
the highest resistivity, while the crumbliness which is due 
to the presence of oil is definitely undesirable. 

In considering the effects of the presence of oil in paraffin, 
it is important to note that, apart from any oil which may 
exist in the refined product, oil (probably liquid oxidation 
products) may be formed in the wax as a decomposition 
product if the wax be heated beyond the limits of safety 
as regards temperature and time. The table below gives 
an indication of the possible production of oil in wax due 
to overheating. 

Increase of Oil Content clue to Heating of J 35 1 140 Paraffin 
in presence of Air for eight hours at Various Temperatures 


Temperature of 

Oil content 

Oil formation 

heating 

after heating 

due to heating 

(Fresh wax) 

1 (0-36%) 


150® C. 

0-39% 

003% 

200® C. 

0-69% 

0-33% 

250® C. 

103% 

1 0-67% 

300® C. 

1-67% 

1-31% 

350® C. 

265% 

2'29% 


The time of heating in the above example is very short 
in comparison with the time at which the wax is liable to 
be heated in industrial practice. It illustrates, however, 
that even relatively mild heating results in the production 
of oil, and stresses the necessity to maintain the operating 
temperature as low as possible. 

The effect of oil upon structure of wax is determined by 
the viscosity of the oil present as well as the proportion. 
Since, however, the viscosities of the small proportions of 
oil contained in finished waxes probably differ but little, 
the point is not of great practical importance. Oils of low 
viscosity have a greater effect than those of high viscosity 
in promoting crumbliness. 

Width of Cut 

The range of paraffinic constituents present in a com- 
mercial wax is of great importance in determining the 
physical and mechanical properties. This characteristic is 
not easy to define, for the ‘cut’ as applied to petroleum 
products normally refers to range of the boiling-points of 
its constituents. In the utilization of paraffin, however, it 
is the range of setting-points that is significant, and this is 
not necessarily analogous to the distillation range. It can 
be regarded as almost certain that the paraffinic consti- 
tuents in commercial waxes form solid solutions and the 
like so that the actual range of setting-points is not at all 
clearly related to the boiling-point distribution. Further- 


more, it should be noted that the range of setting-points of 
the constituents is important only in so far as the variation 
of this property affects the general behaviour of the mass in 
a given application. 

Generally, the effect of narrowing the cut is to raise the 
temperature at which the wax becomes plastic, as indicated 
by ability to be moulded between the fingers. It should be 
noted as a point of great significance that waxes do in fact 
become highly plastic at temperatures well below their 
setting-points, when no liquid (liquefied paraffins) is present. 
Two waxes of the same setting-point may exhibit large 
differences with regard to the temperature at which such 
plasticity can be observed, and the one which attains this 
plastic condition at the lower temperature may be regarded 
as being of wider cut than the other. The narrowing of the 
cut appears also to favour increased crystallinity of the pro- 
duct, but many other factors contribute to this effect. 

It is interesting to note that waxes of lower setting-points 
attain a condition of plasticity at lower temperatures rela- 
tive to the setting-point than do waxes of higher setting- 
points. These observations are of importance in the 
various applications of paraffin. 

The width of cut of a finished wax is determined by the 
following factors: 

(a) The width of cut of the press cut. 

(b) The method of pressing the cut. 

If the total pressable wax is obtained by pressing in one 
stage of cooling, the width of cut of the finished wax will 
tend to be wider than that of waxes obtained as the result 
of multiple stage filtrations and separate sweatings of the 
scales. 

(c) The extent of the sweating operations. It is generally 
found that relatively narrow cut waxes can be obtained by 
the employment of several distinct sweating operations. 
The width of cut obtained will depend also upon the 
efficiency of the sweating equipment. 

id) The extent to which blending is effected both in the 
sweating process itself and in the subsequent blending 
which may be employed for the attainment of the required 
setting-points. 

The width of cut can be controlled to a considerable 
degree, and, as might be expected from the differing 
methods of processing which are employed, commercial 
waxes show wide variations in this characteristic. 

THE APPLICATIONS OF PARAFFIN 

It is impossible to give a description of all the uses for 
which paraffin may be employed, and it will be possible 
to deal only with the more important utilizations. A com- 
prehensive list ofuses has, however, been compiled [1, 1934]. 
An excellent survey of the present methods of application 
and utilization has also been given by Higgs [5, 1935], and this 
probably represents the most up-to-date published infor- 
mation regarding paraffin- wax application. The discus- 
sion of this paper is also of interest. 

The most important present-day application of paraffin 
(apart from candle manufacture) is in the proofing of 
materials to render them as impervious as possible to the 
passage of liquids (generally of an aqueous nature), water 
vapour, air, and occasionally fatty materials. In this cate- 
gory may be included the use of paraffin for insulation 
purposes, &c., in the electrical industries. Of special impor- 
tance is the use of waxed paper and containers for the 
packing of foodstuffs, and, as Higgs [5, 1935] points out, the 
value of paraffin in this connexion ‘lies in its insolubility, 
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stability, and innocuousness. . . . The low temperature at 
which it can be applied ensures that the mechanical proper- 
ties of the paper suffer but little damage as a result of the 
loss of natural moisture. * 

The methods of application of the paraffin may be 
arranged in the following order: 

(i) The formation of a continuous film over the surface 
of the material by dipping (surface waxing). 

(ii) Penetration of the wax into the material to be 
proofed (impregnation). 

(iii) Spraying of the liquid wax on to the surface to be 
proofed. 

In practice method (i) gives rise to a certain amount of 
penetration of the wax into the material, especially if the 
latter is thin and relatively porous, while method (ii) 
usually results in the formation of a surface film as well as 
impregnation of the material; the degree of penetration is 
controlled by the time and conditions of immersion. 

A factor of major importance in these processes is that 
of temperature. Any excessive heating of the wax, local or 
general, will inevitably give rise to development of odour, 
taste, and colour, and of increased oil content which con- 
fers crumbliness to the wax and a greater tendency for rever- 
sion of colour. It is not at all easy, however, to propose a 
limit of temperature, for the rate of oxidation or decomposi- 
tion of wax is much affected by the presence of impurities, the 
surface area exposed, the efficiency of the refining to which 
the wax has been subjected, the setting-point, and, of course, 
the time at which the wax is held at an elevated temperature. 
It also seems likely that the most accurate qualitative 
representation of the mechanism of oxidation and de- 
composition is the assumption that the reaction takes place 
infinitely slowly at ordinary temperatures, the rate increas- 
ing as the temperature is raised. On this view there is no 
temperature which can accurately be described as 'critical' 
for all waxes, even if impurities are absent. The great 
diversity of opinion which exists is apparent from a con- 
sideration of the published work on this subject, most of 
which is concerned with the conversion of paraffin to fatty 
acids by oxidation. An excellent survey with numerous 
references is given by Gurwitsch [4, 1932], whoconcludes that 
the best working temperature for these oxidation processes 
lies between 120^ and 150” C. It is clear that if substantial 
oxidation can occur at such relatively low temperatures, 
then paper waxing at such temperatures must inevitably 
result in a tangible amount of oxidation. 

In view of these facts, it is clear that no limiting heating 
temperature can be indicated, especially since, as pointed 
out under ‘Odour’, the use of a wax which has been affected 
by heating does not always seem to be objectionable. In 
cases in which absence of odour and taste is imperative, 
the views of Scott-Harley [10, 1935] can be taken to represent 
the desirable conditions : ‘ The heating area should be as large 
as possible, and the heating medium should be incapable 
of producing a temperature exceeding KX)^C. anywhere 
in the bath even when it is quite empty,’ 

In view, also, of the possible catalytic action of certain 
impurities in accelerating oxidation, it is advisable that the 
bath be thoroughly cleaned periodically, and that dust and 
other bodies be excluded as completely as possible. 

One reason for the employment of high wax-bath 
temperatures would appear to be an endeavour to produce 
as thin a film as possible on the material waxed. It would 
appear, however, that this purpose is better accomplished 
by the adjustment of other factors, such as, for example, 


the heating of the material to be waxed before immersion, 
or decrease of the time of immersion, followed by adequate 
drainage of surplus wax before solidification takes place. 

One example may be mentioned in which even traces of 
products of decomposition or oxidation may cause much 
trouble, namely, the manufacture of waxed-paper electrical 
condensers. 

In this process a roll of paper and conducting strips are 
heated in an oven at an elevated temperature under 
vacuum to dry the paper thoroughly. A battery of the 
dehydrated rolls is placed in the empty impregnating vessel, 
which is filled with wax, sealed, and evacuated. The vacuum 
is released, the wax run out of the vessel, and the impreg- 
nated condensers removed. The wax in the plant is recycled, 
the loss being made up from time to time, and the plant 
occasionally cleaned. This brief description will serve to 
indicate the care which is taken in the operation to ensure 
complete impregnation of the wax and elimination of 
moisture. Even with extreme precautions it may be found 
that, for various causes which may be of an accidental nature, 
deterioration due to overheating occurs. Further, although 
air and moisture are eliminated from the impregnating 
vessels, it is probable that the film of wax on the wall of the 
vessel absorbs air when the condensers arc removed, and 
that oxidation takes place to a limited degree. It may 
be noted that oxidation is more likely to arise from air 
dissolved by or absorbed in the wax film than from 
external air. 

It is clear that the real facts relating to decomposition 
and oxidation of paraffin are somewhat obscure. In the 
past wax has been regarded as a completely inert substance, 
and attention has been lavished upon details of plant 
design and upon the material to be treated rather than upon 
the wax. When as much attention is given to the treatment 
of the wax as has been given to the rest of the equipment 
difficulties arising from the effects of excessive heat will be 
eliminated. 

To impart a wax coating to the interior of a container 
it is sometimes thought desirable to form the coating by 
spraying the wax. The wax requires, of course, to be kept 
liquid in the spraying apparatus. If the sprays are fixed, 
this docs not present much difficulty, but when the spraying 
gun is required to be movable, special heating apparatus 
which may be incorporated into the sprayer is necessary. 

It is not clear that spraying of this type necessarily 
deposits liquid v/ax on the article undergoing waxing. The 
spray of molten wax cools very rapidly, and in some cases 
at least it would appear that the cloud is composed of solid 
particles. Nevertheless, it appears as if satisfactory proofing 
by this means is possible. 

In the proofing of permeable materials it does not appear 
to be always essential to seal off the interstices by a film of 
wax over the surface. A very thin film on the walls is suffi- 
cient to render the material water repellent. It is doubtful, 
however, whether such waxing is of much use for stopping 
the diffusion of water vapour through the material. This 
effect of coating more or less completely the capillary walls 
is probably obtained when the wax is applied in the form 
of an emulsion. 

The use of wax emulsions for various purposes appears 
to be growing in importance. The emulsion may be applied 
either by spraying or by incorporation in the material to 
be proofed, for example, wood pulp. It may be used also 
in the preparation of certain cosmetics, 4&c. 

The formulae by which emulsions are made up are 
generally regarded with a certain amount of secrecy. 
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Emulsions may be made either with or without the use of 
mechanical dispersion. Soaps are the most commonly used 
emulsifying agents, and probably those of ethanolamine 
are the best. Casein has also been used with some success. 
Emulsions made by mechanical dispersion are usually quite 
stable. There docs not appear to be any published informa > 
tion on the state of the wax in such emulsions, but it is 
probable that the wax exists in the solid phase at ordinary 
temperatures. 

EMPLOYMENT OF PARAFFIN IN THE 
ELECTRICAL INDUSTRIES 

The main applications of paraffin in the electrical indus- 
tries are 

1. In cable making: 

(«) as an ingredient (in admixture with other sub- 
stances) of the insulating material; 

(h) as a coating of the covering for certain types of 
cable. 

2. In electrical condenser manufacture as the dielectric 
medium in paper condensers. 

3. In many minor uses, such as, for example, the scaling of 
certain types of switches, the filling of instrument trans- 
formers, the insulation of all types of windings, &c. 

It is clear that in all these uses corrosion must be 
negligible. It will be negligible providing that the wax has 
not undergone oxidation. Oxidation would result also in 
formation of water, which is extremely undesirable in 
electrical uses. 

Refined paraffin is valuable to the electrical industries on 
account of its proofing qualities and its extremely high 
resistivity. The resistivity of paraffin is stated to be about 
5x10"'® ohm.-cm. at ordinary temperatures. It varies 
in an apparently spasmodic manner with temperature. 

A curve showing this effect is given by Jackson [7, 1 934]. The 
resistivity is highest at the lowest temperature of measure- 
ment (10 ' C.), decreases steadily with rise of temperature 
to about 25° C. below the setting-point, then increases 
again with further rise of temperature to about 1 5-20° C. 
below the setting-point, and thereafter decreases steadily 
again until the setting-point is reached. This effect may be 
taken to be general for commercial paraffins. It seems 
probable that the explanation of this effect given by Jackson 
is not correct, and his curve should be compared with those 
given by Carpenter [2, 1926], referring to the coefficient of 
expansion of commercial paraffins at varying temperatures. 
The two types of curve are highly analogous, from which it 
may be tentatively concluded that the variations in both 
cases are brought about by phase changes of the paraffin 
in the solid state. It may be noted, however, that the change 
from, say, 10° C. to about 35° C. shows an approximately 
linear decrease of resistivity with rise of temperature. In 
any case, the actual change represents no serious practical 
loss, since even at 35° C. the conductivity is still extremely 
low. 

The specific inductive capacity at ordinary temperatures 
is variously reported from 1*94 to 2T65. It would appear 
to decrease with refining and to rise slightly with rise of 
setting-point; for example, a rise of setting-point from 
45° C. to 75° C. is accompanied by a rise of specific induc- 
tive capacity from 2T05 to 2T65. It is probable (unpub- 
lished work of the authors) that 'the specific inductive 
capacity shows changes with temperature somewhat analo- 
gous to those of resistivity and coefficient of expansion. 
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falling to a minimum value at a temperature about 15- 
25° C. below the setting-point, and then rising again as 
normal temperatures are attained. It would appear that 
this effect is at a minimum in waxes of high setting-point 
over the temperature ranges likely to be encountered in use. 
This rule applies also to the resistivity-temperature changes. 

PREPARATION OF POLISHES 

The use of paraffin in polish manufacture may be ranked 
next in importance to its use in the paper trade (Higgs 
[5, 1935]). The range of polishes in which wax may be 
employevi is very wide, including shoe polishes, wood and 
furniture polishes, floor and linoleum polishes, cleansing 
and polishing fluids [9, 1935], and others. 

In general, paraffin constitutes a diluent for the more 
expensive waxes that are susceptible to a much higher polish 
than paraffin, the polishing mixture usually consisting of 
one or more of these higher priced waxes (e.g. bees- 
wax, carnauba, &c.), paraffin wax, and a liquid which may 
be turpentine or white spirit. The paraffin enables the 
required consistency to be obtained without the inclusion 
of an excessive proportion of the more expensive materials. 

An important property relative to ‘paste’ polishes is the 
ability of the paste to retain the solvent. The work of 
Ivanovszky [6] has shown that ‘paraffin’ shows poor sol- 
vent retention, but it is suggested that a good deal depends 
upon the type of paraffin, particularly its width of cut. It 
seems probable that this ‘retention’ may be related to the 
fineness of crystallization of the waxes from the solvent, 
fine crystallization aiding retention in increasing the rela- 
tive number of intercrystal spaces, but at the same time 
reducing the size of these spaces. This effect will be closely 
related to the other waxes in the mixture, the presence of 
which will completely destroy the normal crystalline struc- 
ture of the paraffin, so that the actual ‘solvent retention’ 
of paraffin will bear little relationship to the solvent reten- 
tion of the finished polish. 

THE ‘DOPING^ OF PARAFFIN WAX 

Higgs [5, 1935] has drawn attention to the fact that the 
addition of high setting-point petroleum ceresin (180/185°) 
to paraffin has the effect of breaking down the crystallinity of 
the latter, with formation of a close, almost microcrystalline 
product even when the addition is less than 0-5%. This 
observation is not altogether new, since it has long been 
known that small proportions of added materials, such as 
the ‘anti-mottling’ agents used in candle manufacture, have 
a profound effect upon the crystalline structure of paraffin. 
The interesting feature of Higgs’s statement is that the 
added material is of purely hydrocarbon origin, whereas 
anti-mottling agents are usually synthetic waxes containing 
acidic, esieric, or alcoholic groupings. 

The suggestive implications regarding the structure of 
normal ceresins which arise in this connexion cannot be 
dealt with in this section. The practical possibilities of 
‘doping’ arc, however, considerable, since the cost of such 
‘doping’ is not excessive, on account of the low concentra- 
tions of material required to produce the desired effect, 
and the modifications of the mechanical and physical 
properties of the wax are very marked. It is thus possible 
by this means to effect modification of the properties of 
wax to a greater extent than is possible by variation of the 
steps involved in its production. 

The employment of a purely hydrocarbon agent has 
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much to commend it, since it ensures that the mixture 
shall be non-corrosive, and that it shall retain its desir- 
able electrical properties. Further, the agent is completely 
soluble in paraffin, and its effect is developed only when 
solution has been realized. Nevertheless, many synthetic 
waxes and other substances of high molecular weight 
which are soluble in paraffin have a similar effect, although 
often to a smaller degree. 

The proportion of added material nccessaiy to induce 
the required microcrystalline structure varies considerably 
according to the material used, the source of the paraffin, 
and the setting-point of the wax. It would appear, as a 
general rule, that waxes of low setting-point are more 
greatly affected than those of higher setting-point, and that 
the effect is greatest in wide cut waxes. There does not 
appear to be any definite relationship between the chemical 
composition of the agent and its effect, the essential require- 
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ments appearing to be a high molecular weight and a 
microcrystalline structure. 

It is probable that the effect produced as regards modifica- 
tion of the physical and mechanical properties of the wax 
is not a simple function of the amount of agent added. The 
effect seems to be analogous to that of the addition of small 
proportions of metals in the production of various steels, 
probably a certain proportion of agent is required to pro- 
duce the maximum effect, and cither more or less gives an 
inferior result. 

Details of waxing plants in present use have intentionally 
been omitted, because details of design and even of the 
methods of application are undergoing frequent changes, 
so that a description of such plant is liable to be out of date 
as soon as it is written. The object has been to discuss 
primarily the principles underlying the various applications 
which have been considered. 
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CANDLES AND NIGHT-LIGHTS 

By D, ALLAN, A.R.T.C., F.LC., M.Inst.P.T. 

Chief Chemist, Price's Patent Candle Company, Limited 


The use of paraffin wax in candles and night-lights did not 
reach any importance until about 1855 and 1857. 

A brief outline of the position of the candles produced 
before that date will perhaps show how it came about 
that paraffin wax could immediately replace much of the 
material previously used for candle-making. 

Waxes, such as beeswax and spermaceti, had been for 
long in use as candle materials, but they were of necessity 
expensive, and their use was confined to the rich and to 
churches. There was little machinery used for making 
candles of these materials, although moulding was said to 
have been carried out by Sieur de Brez in Paris in the 
fifteenth century, and the processes of pouring and rolling 
and of dipping were chiefly resorted to. 

The wick used at the beginning of the nineteenth century 
was twisted cotton or linen, and snuffing was necessary. 
The plaiting of wick was introduced about 1820 by 
Cambac^res, and shortly afterwards the researches of 
Chevreul, published in 1823, led to the manufacture of 
candles from fatty acids, whereas previously they had been 
made mainly from neutral fats. These two changes, although 
unconnected, are really of considerable importance to each 
other. 

The plaited wick, while suitable for wax or spermaceti, 
is not suitable for tallow, as it gives much too small a con- 
sumption with the latter, resulting in guttering, but with 
the fatty acids it gives a consumption more in line with 
beeswax and spermaceti. 

The subsequent development of fatty acids for candle 
making by hardening up by pressing led also to the develop- 
ment of candle-moulding machinery ; for whereas the only 
materials which could be satisfactorily moulded had been 
spermaceti, and to a lesser extent beeswax, fatty acids, and 
particularly the solid fatty acids or stearine, lend themselves 
peculiarly well to moulding. The moulds were of tin or 
glass, and the material was air cooled in them. 

In 1801 Thomas Binns ofMarylebone patented a machine 
where steam for heating and water for cooling the moulds 
were introduced, for making moulded candles ‘more 
particularly calculated for wax and spermaceti candles’. 
The wax at this time referred to beeswax. Various patents 
were taken out for candle-making machinery up to about 
1855, both here and in America, and about this time the 
machine had developed to the prototype of the machine 
in use to-day. 

The machinery which had been developed to deal with 
the manufacture of stearine candles was ready to hand 
with very little adjustment to deal with the new raw material, 
and the plaited wick was easily modified to meet the re- 
quirements of paraffin wax. 

Before the development of the Scottish oil industry, the 
first petroleum wax recovered in any quantity was that from 
Rangoon crude, imported in drums and distilled in this 
country about 185^7. Before this, paraffin waxes from 
sources other than petroleum, such as peat, had been 
made, but not in any quantity, and the first recorded 
instance of a candle made from petroleum paraffin wax 
was that made by James Young for Dr. Lyon, afterwards 


Lord Playfair. This was produced from Derbyshire oil, 
and it cost about 20.v. per lb. 

The paraffin wax recovered from Rangoon crude was 
expensive, being valued at £200 per ton, but the opening 
up of supplies of wax first from Scotland, then from 
America, put a stop to production in this country from 
imported crude oil, until in later years it was reintroduced 
by the importation in tankers from such sources as 
Iran, &c. 

The new raw material was used mixed with stearine for 
several reasons. Firstly, the addition of stearine simplifies 
the moulding operation, the candles leaving the moulds 
easier and with a better surface. Secondly, wax alone, 
certainly at that time, would give a very fragile candle, 
owing to the tendency to mottle and crack. Thirdly, the 
addition of stearine to the wax greatly improved the 
stability of the candle when in a warm place, the increase in 
stability being quite noticeable with the addition of even 
3% stearine, and increasing with the proportion and quality 
of the stearine. Fourthly, the addition of stearine gave 
opacity to the candle in proportion to its percentage. 
Where about 40% stearine was present, it was very similar 
in appearance to the pure stearine candle. 

Candle Materials: Wax 

The quality of paraffin wax most suitable for candle 
making depends on the market to be supplied. Generally 
speaking, waxes which do not become plastic at compara- 
tively low temperatures arc the most desirable. 

Wax can be too high in melting-point as well as too low, 
although the latter fault, within limits, can be compensated 
for by the addition of stearine. Too high a melting-point 
wax, such as 135-140' F, used alone in a temperate climate, 
would give rise to complaint of difficulty in lighting, parti- 
cularly in cold weather. The flame dies down to such a 
point that it goes out before the wax lo keep it alight can 
be melted. The second attempt to light is even worse than 
the first, unless a flame is applied to the wax to melt it. It 
is inadvisable, therefore, to go above 130'' F., and even that 
figure is not always safe. 

As regards low melting-point material, the maximum 
summer temperature has to be considered, together with 
the nature of the wax, and whether the addition of stearine 
is to be made. At the same time the temperature of the 
candle room and cooling water must be kept in mind, as 
they may make moulding impossible at certain times. 

Given a wax that is not too plastic, a melting-point of 
120° F., preferably with 3% to 5% stearine, is the minimum 
that should be used to suit all seasons. If the wax tends 
to be plastic, the melting-point should be about 3° F. 
higher. The effect of 5% stearine on the stability of this type 
of wax is very noticeable. 

Paraffin wax, since supplies of high melting-point (135- 
140° F.) became available, has been gradually taking the 
place of stearine in candles in many markets, but to a much 
lesser extent in Holland, France, and Belgium. 

The relative merits of paraffin and stearine as candle 
materials depend on the purpose for which the candle is 
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intended, and on the melting-point of the wax available. 
When most of the wax supplies were under 130'’ F. m.p., 
stearine was very necessary for tropical markets, but with 
the advent of hi^ melting-point wax (1 35-140° F.) the need 
for large quantities of stearine diminished. 

There is not a great deal of difference in luminosity 
between a stearine and a paraffin candle, but there is a con- 
siderable difference at the same consumption. Burning at 
the rate of 120 grains per hour, the light from stearine is 
0*84 as compared with M4 from paraffin wax. Stearine 
candles can, however, stand a thicker wick than paraffin 
candles, and so the same size candle may give an equal light 
for a shorter period. 

The main beneficial property of stearine in association 
with paraffin wax is the fact that it adds very greatly to its 
stability when subjected to undue heat, as in tropical 
markets. This is usually tested for by heating the candles, 
held horizontally at the butt, in a constant temperature 
bath, and noting the bend. 

These tests can only be made comparatively, as absolute 
duplication of conditions is extremely difficult. The candles 
should, of course, be of the same dimensions. 

It will be found that a candle made up of 80% 127° F. 
m.p. wax and 20% stearine 127-129'' F. m.p. will give 
rather better stability than a candle of 136' F. m.p. made 
wholly of paraffin wax. The one will, of course, be semi- 
opaque, the other fairly transparent. 

The opacity given by stearine can be imitated by the use 
of such materials as bcnzonaphthol, 0*5 '/o of which gives 
an opacity about equal to that given by 35% stearine. This 
addition has no other beneficial properties, and it is open 
to objections from the manufacturing point of view. 
Sometimes the opacity takes several days to develop, and 
this leads to uncertainty as to whether the addition has been 
made, as it is not so easy to check its presence as it is with 
stearine. A further disadvantage is that the opacifier tends 
to come to the surface and give a kind of bloom which 
spoils the appearance. 

The use of an opacifier with coloured candles is not to 
be recommended, owing to this surface development, as 
all blemishes on the surfaces show up usually to a greater 
extent when the candles are coloured. 

In the absence of stearine, it is necessary to add to certain 
waxes something to prevent mottle. There are a number 
of such bodies, carnauba wax, montan wax, and lead 
stearate are among those commonly met with. Some waxes 
can be moulded satisfactorily alone, but usually conditions 
have to be very carefully adjusted, so that it is safer to add 
an anti-mottle to the extent of 0- 1 % or more to prevent bad 
work. In warm weather candles may come out of the 
frame free from mottle and yet develop this fault later. 

Lead stearate, besides having an anti-mottling action, 
affects the burning of the candle, tending to straighten the 
wick. It also has the disadvantage that it tends to make 
the wick smoulder for some time after blowing out, giving 
an objectionable smell, and so shortening the wick as to 
make it difficult to relight. 

Elimination of dissolved air by means of dry steam just 
before filling prevents mottle in some waxes, but the pro- 
cess has disadvantages if not very carefully supervised. 

Wicks 

The wick is adjusted to give proper consumption accord- 
ing to the diameter of the candles. The following are 
approximate consumptions to be aimed at with different 
diameters of paraffin candles; the figures arc, of course, 
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only approximate, and for wax of 123-125° F. m.p. with 3% 
to 5% stearine. In all cases where m.p. is used in refer- 
ence to candles or waxes, the English test is referred to. 

Diameter in 

inches < | i to I to H to i to H 

Consumption 
in grammes 

per hour 4-86-5 18 6 48-713 7 78- 810 810-8-42 8-42-8'75 

Diameter in 

inches 1 1 ^ 

Consumption 
in grammes 

per hour 8-75-9 07 9-07-9-40 

The consumption will decrease with the rise in m.p. of 
the candles. 

For special purposes, such as lamp candles, and candles 
for use with self-descending shades, a smaller size of wick 
is advisable. 

In fixing the consumption of wicks for different diameters, 
the object aimed at is the maximum flame consistent with 
a good, dry, level cup and absence of smoke. These condi- 
tions, however, arc not always the objective, and the maxi- 
mum burning time is sometimes desired. In such cases, for 
instance, behaviour on relighting may be of less import- 
ance, and the size of the wick may be cut down below 
the figures given; but if burning conditions are not favour- 
able, faults, such as sloppy cup and guttering, may become 
very bad. 

The construction of the wick varies with different makers. 
Most of the wicks used in paraffin candles are plaited in 
3 groups of yarn at so many plaits per inch. These 3 groups 
may contain each 5-12 or more strands of cotton, and 
are plaited up to 10 or 12 plaits to the inch. 

In the other type, the 3 groups may each contain 3 strands 
twisted together, having about 5 twists per inch, and plaited 
from 7 to 9 plaits per inch. The yarn used in this type is coarse, 
4-9s. counts, whereas the other wick may have yarn of 
20~26s. counts, this finer yarn being considerably dearer. 

The plaited wick is boiled with weak caustic soda, then 
bleached with weak hypochlorite, soured with hydrochloric 
acid and washed. The excess water is removed by a 
centrifuge and the wick treated with a solution to assist 
burning. These solutions vary greatly, the main ingredients 
being ammonium sulphate, ammonium chloride, ammo- 
nium phosphate, borax, boric acid, and potassium nitrate. 
The composition of the solution and the quantity has a con- 
siderable bearing on the behaviour of the wick. Phosphate 
is used to give rapid extinction, but too much may have 
the effect of producing an unduly long wick with smoky 
burning. After solutioning, the excess solution is removed 
by centrifuging, and the wicks are dried, examined, and 
wound on spools ready for the machines. 

Manufacture of Candles 

The operation of candle making is a simple one, but like 
many other simple processes, attention to detail is needed 
if candles without faults are to be produced. 

The preparation of the material depends on the composi- 
tion, but assuming a paraffin/stearine composition is l^ing 
used, the mixture is boiled with open steam on a weak 
solution of sulphuric acid, and allowed to settle until 
bright. The settled material is run into jacket pans with 
steam at about 8-10 lb. in the jacket. The pan is prefer- 
ably enamelled, if there is much stearine present, but 
aluminium is quite suitable if the proportion of stearine is 
not over 10%. The practice of running the candle material 
straight to the machines is adopted in some factories, but 
the method of filling from the pail gives the operator more 
control, and the finish of the candle is usually better. 
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The machines used have the moulds set in a tank, which 
enables them to be warmed or cooled with hot or cold 
water, the hot water being supplied by means of steam 
introduced into the water feed-pipe. The moulds are of 
tin, and at the ends of the rams are the tip formers, the 
wick being supplied up the rams through the tip, and the 
combination of tip and ram is used for ejecting the candles. 
The machine is wicked by means of a piecing stick, which 
is a fine wire with a hook, like a crochet needle. The wicks 
are drawn up and left on the bed of the machine. 

In the moulding of stcarine candles it is necessary to 
cool the stearine to about its melting-point by stirring until 
it is of a creamy consistency, then fill in a warm machine 
and cool with slightly warm water; too cold water results 
in cracked or otherwise damaged candles. 

With paraffin and paraffin/stearine mixtures the practice 
is different. The candle-maker fills his pail at the jacket 
pan and fills the machine. After cooling, the tops are 
scraped off with a sharp spud or knife, and the candles are 
wound up into the clamps where they are held. The clamp 
has been adjusted so that, when the tips arc lowered, the 
wick is held centrally for the next filling. If the first filling 
is clean, the machine is now ready for production. If not, 
it is filled until it is clean, and the waste candles go back for 
reboiling. 

The machine being ready, the procedure will vary some- 
what with the mixture being moulded, the temperature of 
the cooling water, and the atmospheric conditions. 

The temperatures of the candle material and of the 
machine are adjusted, so that the material is not chilled too 
rapidly, which would leave marks or air holes; nor should 
they be too high, as this would give rise to sticking and 
difficulty in ejection. The operator soon acquires the neces- 
sary experience. He finds that with the return of the 
scrapings from the tops he can keep the material in the pan 
at the right temperature, and that to allow for contraction 
he has to fill sufficient material in the machine to give him 
about J in. on the top bed plate when cold. Experience 
teaches him to take the top off while it is still somewhat 
soft, without giving rise to hollow bottoms, due to shrink- 
age of the warm paraffin. 

Fig. 1 shows a machine of 518 moulds being filled. 

The wicks are on spools in the box below. In some 
cases the wicks are carried through the floor to a room 
below, where they are attended to by a separate operator. 

Fig. 2 shows the tops being taken off with the sharp spud. 
The wick from these settles out when melted, as mentioned 
above. 

Fig. 3 shows the winding up. The rams with the tip 
pieces, showing below the clamp at the end, force the 
candles from the mould, the clamp is put on and locked, 
when the tips are lowered ready for the next filling. 

When the wax is sufficiently set and almost ready for 
taking off, the wicks of the candles in the clamp are cut by 
means of a sharp knife run along under the clamp, which 
is then removed, and the candles thrown on the packing 
bench. The tops are taken off and the candles wound up, 
as already described. It is essential that the tools, spud 
and knife, arc kept very sharp, otherwise dragging of the 
wick and irregular wicks may arise. 

Too cold water is to be avoided, as it results in cracking 
and bad shape. The temperature of the water should vary 
with the melting-point of the mixture, but this is not always 
possible, and care has to be taken when several qualities 
are being worked that one does not get cracking, &c., with 
high melting-point mixtures worked off the same water- 
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supply as low melting-point. Raising the temperature of 
the cooling water might result in making it impossible to 
work the low melting-point material. 

It is advisable to keep constant check on the burning of 
the production, as careless working may give candles 
with some ash, perhaps not sufficient to affect the burning 
seriously, but sometimes quite enough to cause the colour 
to go wrong. 

Candles are also made by a method similar to taper 
making, where the wax coating is built up continuously by 
passing backwards and forwards through a bath of wax 
and dies until the required thickness is obtained. The 
candles are cut off to the length desired, tipped by a 
machine, and given a polish. This method is used in 
Poland. It is estimated that it would not compare favour- 
ably in cost with the previous method, and there is no com- 
parison between the finish of the two. One advantage the 
Polish method has is that it makes a candle somewhat 
more resistant to bending than a moulded candle made from 
the same material. 

Extrusion of candles has been suggested, but no record 
of a successful machine can be traced. The method of 
dipping or pouring and rolling used for beeswax is also 
to some extent used for paraffin candles for decorative 
purposes, but paraffin wax alone does not lend itself to 
this process so well as when mixed with beeswax. 

The question of decorative candles has of recent years 
become increasingly important, and candles of almost 
every shape and colour are asked for. Usually the colours, 
which are mainly organic, arc not very soluble in paraffin 
wax, but are reasonably soluble in stearine. The use of an 
opaque candle generally gives more pleasing shades than 
a pure paraffin-wax candle. 

Self-fitting candles might be included in these decorative 
candles. There are two types— those with a special end 
moulded on the candle, and those with the end tapered 
down from the plain-end candles. For the former a special 
machine with a loose cap to form this self-fitting end is 
necessary, and the operation of moulding is further compli- 
cated by having to pass the wick through each cap and 
centre it on a bar or other support. In one type of machine 
these caps are fixed and each side can be removed in one 
lift. Shaping of self-fitting ends on plain candles is done by 
pressing into a hot mould or die. Tapering the ends of 
candles is usually carried out by means of a revolving cutter 
set at the necessary angle. 

Unless conditions are very unfavourable, candles are 
usually fit to be packed immediately they are taken off the 
machine. 

Night-lights 

The manufacture of night-lights still consumes a con- 
siderable quantity of paraffin wax. They were formerly 
called ‘Mortars’ from their use in the death chamber, and 
were made originally of fatty matter, but at the present 
time most of them are made of paraffin wax. 

There are three principal types of night-light. 

1. Paper-cased lights for use with water. 

2. Paper-cased lights for use without water. 

3. Lights to burn in glass or metal containers. 

Unlike a candle, the night-light is not intended to give 

great illumination, but to maintain a uniform light over a 
fairly long period. The consumption varies from 2*6 to 3*2 
grammes per hour— roughly about one-third of that of a 
candle — the latter figure being usual when the lights are used 
for heating purposes, as in food-warmers. Consequently the 
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Fig. 4. Moulding Machine for Night Lights 


CANDLES AND NIGHT-LIGHTS 


wax and wick must be carefully chosen to suit these con- 
ditions. 

The wax should have a melting-point low enough to 
ensure that the small flame can melt the contents of the case 
under ordinary circumstances. At the same time, the ques- 
tion of storage has to be borne in mind, so that the lights 
can be kept in stock for some time under reasonable con- 
ditions without damage. 

In this, and other countries with a similar climate, wax 
of melting-point 1 18/119°F. is commonly used, but it cannot 
be expected to withstand all the widely varying conditions 
that may be met with. On a very cold night, if the light is in 
a cold position, about 20-5% of the wax may be un- 
consumed. On the other hand, during a hot summer the 
lights may lose their shape unless storage conditions are 
cool. 

All waxes of this melting-point are not suitable for night- 
lights, probably due to different treatment at the various 
refineries, but they can usually be made satisfactory by 
further treatment. They must not contain the slightest 
trace of suspended matter, as this will choke the wick and 
cause a very small flame. 

The wick is made from fine quality yarn, like sewing 
cotton, and, after plaiting, &c., as with candle wick, it is 
given a coating of wax to siiflen it, so that it is easier to 
handle and easier to light, and is then cut into suitable 
lengths. It is important that the wick should stand upright 
when burning, particularly when the whole of the wax is 
melted, and it must burn regularly, so that the timing is 
correct. This can only be ensured by continually checking 
the burning of the lights. 

The process of moulding night-lights is similar to that for 
candles, except that they are made without wicks. In the 
centre of the mould is a pin which projects nearly to the top, 
and this makes a hole into which the wick is inserted later 
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by hand. Various suggestions have been made to produce 
the moulds with wicks, but none of them have proved 
practicable. Some moulds are made by stamping from a 
block of wax, but in this method the wax must be warm 
and plastic. 

Fig. 4 shows details of a moulding machine. 

The paper cases arc made in various ways. Some are 
made partly by machine and partly by hand, while others, 
especially those for lights used with water, are sometimes 
made completely by machine. The joints in the case for 
water-lights, as the first type arc often called, must be care- 
fully stuck together, or the water will travel up these and 
chill the wax, so that it is not completely melted, and thus 
cause short timing. 

In paper-cased lights of type 1 the tin support or sus- 
tainer is threaded on a length of wick, which is stuck to the 
bottom of the case with wax, similar to sealing-wax. The 
hole in the mould is completed by means of a heated piercer, 
and the mould is then placed over the wick in the case. In 
the other two types the wick is bent underneath the sus- 
tainer and flattened out to prevent its withdrawal. The 
lights are then cither placed in paper cases or packed for 
burning in glasses or other containers. 

Tapers 

Tapers are made by passing cotton yarn, which is usually 
in lengths of from 600 to 1,800 yards, backwards and for- 
wards through a bath of wax, and then through dies, 
until the desired thickness is attained. After cutting to the 
required length they are feathered to facilitate lighting, and 
packed either in bundles or cartons. The percentage of 
cotton is much higher in tapers than in candles, 15-20% on 
the finished article, in order to prevent the melted wax from 
dropping. The colours used are the same as for candles. 
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RESIDUES 

THE MANUFACTURE OF ASPHALTIC BITUMEN 

By W. W. GOULSTON, B.A., B.Sc., A.I.C. 


Asiatic Petroleurr 

Introduction 

Asphaltic bitumen is normally obtained as a residue from 
suitable types of crude oil by carrying the distillation be- 
yond the stage where gas oil is distilled off. The distillation 
is continued until the residue has the properties required 
for the particular grade of asphaltic bitumen which is 
desired. The quality of the product is usually controlled 
by its ‘penetration' as measured by the depth in milli- 
metres to which a loaded needle will penetrate in 5 sec. 
The penetration is usually carried out at 25'" C. (or IT F.) 
with a load of 100 g. on the needle. The various methods 
of distillation which are usually applied to crude oil are 
available for the production of asphaltic bitumen with such 
modifications as may be necessary for operating at a higher 
temperature and handling a product which is solid or semi- 
solid at ordinary temperatures. 

It is often found convenient to use topped crude as the 
feed to the plant for the production of asphaltic bitumen, 
and in certain cases cracked residuum of a suitable type 
may be used as a starting material for this purpose. 
Cracked residuum is usually available at a high tempera- 
ture, so that considerable economy in fuel consumption can 
be effected if suitable grades of asphaltic bitumen can be 
made from this material. 

Another source of asphaltic bitumen is the acid tar ob- 
tained in the treatment of lubricating oils with sulphuric 
acid. It is stated that the asphaltic bitumen produced 
from this source has been used successfully for road work. 

The introduction of the use of solvents for treating 
lubricating oils has given rise to methods of ‘de-asphaltiz- 
ing’ which can be used as a source of asphaltic bitumen. 
The use of solvents for the production of asphaltic bitumen 
has the advantage of enabling one to control the type of 
material obtained in a way which is not possible with 
ordinary methods of distillation. The product made by this 
method is sometimes referred to as ‘synthetic’ asphaltic 
bitumen. 

Influence of Base Material 

The grade of asphaltic bitumen is usually controlled by 
the penetration at 25'^ C., and when the material is pro- 
duced from certain crude oils the other properties of the 
asphaltic bitumen, such as melting-point, are usually of the 
same order. This is by no means the case for all crude oils 
from which asphaltic bitumen can be made. 

When asphaltic bitumen was first made from crude 
petroleum, the material was used as a binding medium for 
the construction of roads and largely replaced natural 
asphalt which was used for that purpose. The crude 
petroleum used was of Mexican origin, and the asphaltic 
bitumen made from this source became the standard of the 
quality desired for road making. Later on, it was found 
that asphaltic bitumen made from crude oils of other origin 
also gave satisfactory results when used for road making, 
and this widened the scope of the source of crude petroleum 
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suitable for the manufacture of asphaltic bitumen for this 
purpose. 

The analytical figures for 60/70 grade of asphaltic bitu- 
mens shown in Table I give some idea of the possible 
variation in the properties of the material made by ordinary 
distillation from some crude oils normally used for this 
purpose. There is a certain variation in the types of crude 
oil obtained in each particular country; the asphaltic bitu- 
mens given in Table I were produced from some typical 
examples of crude oil from various sources. The asphaltic 
bitumens shown in this table are all perfectly suitable for 
use as road binders. 


Tablf I 



Mexican 

Venezuelan 

Californian 

Penetration at 25*" C., mm. i 

65 ! 

65 

i 

Ductility at 25° C., cm. . 

>100 1 

I >100 

! >100 

Melting-point (R. & B.), , 




° C 

52 

50-5 

1 46-5 

Viscosity (centistokes) at l 

150° C. 

400 

i 250 

125 

Solubility in 60/80 spirit, % 

78*4 

86-3 

i 93-2 

Loss on heating (5 hr. at 

163°C.), %. 

02 

1 nil 

1 003 

Drop in penetration after i 

heating in last lest, . 

10 

6 

1 ^ 


Although the application to road building is the largest 
outlet for asphaltic bitumen, a considerable proportion of 
the production is used for other purposes. For some pur- 
poses, such as roofing felt and pipe coating, it is necessary 
to combine the properties of high melting-point with flexi- 
bility, or comparatively high penetration. In such cases, 
a ‘blown’ asphaltic bitumen is used, that is, the product 
made by oxidizing the straight-run residue by blowing air 
through it under suitable conditions. For other applica- 
tions, such as binding material for briquettes, it is preferable 
to have a combination of low melting-point and brittleness 
or low penetration. For these purposes, straight-run resi- 
dues from crude oils yielding suitable materials for road 
making can be used, but it is found that cracking coil tars 
give more suitable products when distilled to the required 
penetration. 

The relation between the penetration and the melting- 
point gives a useful method of classifying the types of 
asphaltic bitumen, particularly with regard to their suit- 
ability for certain industrial applications. In a paper 
presented to the American Chemical Society in 1935, A. 
Holmes and J. O. Collins [6] propose numerical magni- 
tudes for the melting-point/penetration index for asphaltic 
bitumens from various sources. They assume a figure of 
100 for Mexican asphaltic bitumen and zero for petroleum 
pitch from a cracking coil tar. Blown asphaltic bitumen 
would give a penetration index of over 150, while coal-tar 
pitch would have a penetration index below zero. By mfeans 
of this index one can judge for which purpose a particular 
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type of asphaltic bitumen is most suitable. If a certain 
type of crude oil yields asphaltic bitumen of penetration 
index too low for use as a road binder, this can be improved 
by the application of ‘blowing’ to the extent required to 
produce a material of suitable penetration index. 

Certain crude oils yield asphaltic bitumens having little 
or no matter insoluble in aromatic-free spirit of boiling 
range 60-80° C., that is, containing practically no asphal- 
tenes. Such asphaltic bitumens are light in colour when 
viewed through thin sections and can be used for the 
preparation of coloured bituminous products, as they can 
be pigmented quite freely. 

Manufacture by Distillation 

The production of asphaltic bitumen by distillation from 
crude oil or topped crude is carried out cither under atmo- 
spheric pressure or under reduced pressure or ‘vacuum’. 
The use of reduced pressure is advisable when producing 
hard grades of penetration below 20 or when the overhead 
distillates are to be used for the manufacture of lubricating 
oils. Although very little ‘cracking’ takes place when 
making the usual paving grades having penetrations from 
45/55 up to 180/200, the amount of cracking increases with 
the higher temperatures necessary for the production of 
harder grades. The use of reduced pressure ensures that 
the harder grades of asphaltic bitumen are produced with- 
out deterioration in properties and that the overhead 
distillates can be used for the production of suitable 
lubricating oils. It is also found that the use of reduced 
pressure effects a considerable reduction in fuel consump- 
tion owing to the lower distillation temperature required 
and the large reduction in distillation steam. The lower fuel 
consumption on the vacuum plant may well repay the extra 
cost of erecting such a unit compared with the cost of an 
atmospheric plant of the same capacity. 

Batch Still. The early plants for the production of 
asphaltic bitumen were of the batch- still type similar to the 
early batch crude-oil shell stills. The charge of crude oil 
was distilled down to a residue having the required penetra- 
tion for the grade of product desired, steam being used in 
large quantities to prevent cracking. The use of batch 
stills for this purpose has the same disadvantages as in the 
case of crude oil distillation ; they have been largely super- 
seded by continuous shell stills and, more recently, by pipe 
stills. For plants of very small capacity where a large 
number of grades are required, and where storage for 
finished products is very limited, the use of one or two batch 
stills might be desirable, but this method of manufacture is 
very costly compared with the modern pipe-still plant. 

Continuous Battery. The use of a continuous battery of 
shell stills is quite familiar for the distillation of crude oil, 
where the last still of the battery contains the residue which 
is drawn off continuously through heat exchangers to 
receiving tanks. By suitably adjusting the temperatures of 
the last stills of the battery, the distillation can be carried 
out so as to produce the required grade of asphaltic bitu- 
men in the last still. This type of plant is not suitable for 
rapid changes in the grades of asphaltic bitumen produced, 
and is nowadays only used for the production of lubricating 
oil distillates where the asphaltic bitumen made is normally 
of a constant grade over long periods. Continuous batteries 
are not used when pipe stills are available; even for the 
production of lubricating oils under reduced pressure, 
modem pipe stills are now usually erected. 

Pipe Still. The pipe-still unit is the modern type of plant 
used for the distillation of crude petroleum and of petro- 
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leum residues. This type of plant consists essentially of a 
pipe heater, in which the oil is heated in a pipe coil set in 
a suitable furnace, and a fractionating column in which 
the heated oil is split up into the desired overhead fractions 
as distillates, and a residue taken from the bottom of the 
column. For the manufacture of asphaltic bitumen the 
charge to the still may be crude oil, or a ‘topped crude’, 
that is, the residue obtained from crude oil after the frac- 
tions up to gas oil have been removed by distillation on 
another plant. The residue taken from the bottom of the 
fractionating column is the asphaltic bitumen required and 
this is passed through suitable heat exchangers to receiving 
tanks. 

The chief difference in operating conditions between 
pipe stills and shell stills is that the oil passes through the 
heating zone in a much shorter time in the former than in 
the latter. The effect of subjecting the oil to high tempera- 
tures for a long period in shell stills is shown clearly in the 
figures given in Table II, taken from a paper by A. Balada 
in 1933 [2], which shows the analysis of two samples of 
asphaltic bitumen made from the same crude material on 
each of the two types of plant. 

Table II 


1 Shell still i Pipe still 


Softening-point (K—S), ° C. 

. i 38 ' 

i 

38 

42 

Flash-point. ° C. 

. , 300 

300 

336 

336 

Penetration at 25'’ C. 

. ' 123 1 

81 

58 1 

35 

Ductility at 25® C. cm. 

. i 32 ‘ 

16 ; 

-f 100 

90 


The difference in the two types of asphaltic bitumen is 
very marked in this case. The asphaltic bitumen produced 
in the shell still has a much higher melting-point/penetra- 
tion index and is generally of a more ‘blown* character. 
This is confirmed by the lower ductility of the shell-still 
product. 

There are various modifications of asphaltic bitumen 
plants which have been designed to suit certain conditions 
depending on the type of crude oil or topped crude avail- 
able and the local arrangements of other plants in the 
refinery. A description of some typical asphaltic bitumen 
plants will cover most of the pipe-still plants used at the 
present day for this purpose. The various types may be 
enumerated as follows: (i) atmospheric with evaporator, 
(ii) atmospheric without evaporator, (iii) vacuum plant, 
(iv) two-stage atmospheric and vacuum, (v) without heater. 

(i) Atmospheric Unit with Evaporator. This type of plant, 
illustrated diagrammatically in Fig. 1 , was used before the 
modem large fractionating towers became standard prac- 
tice. It is derived from the Trumble type of pipe-still plant 
used for topping crude oil. 

The crude- oil charge is drawn from a crude- oil supply- 
tank through a 6-in. steam-jacketed line to the crude-f^d 
pump. A suitable pump for this purpose is a steam- 
jacketed rotary pump direct-driven by a high speed steam 
engine. The crude oil, which usually has a high viscosity, 
is kept sufficiently heated for ease of pumping; in the case 
of heavy Mexican crude, the temperature is maintained at 
about 40° to 50° C. by means of 2-in. steam coils in the 
supply tank. The feed pump delivers the crude oil through 
a suitable heat exchanger to the pipe heater, which is of the 
convection type, the crude- oil inlet to the heater being at 
the top of the tube bank so that the crude is heated in 
counter-current with the flue gases. The crude oil leaves 
the pipe heater at a temperature depending on the grade of 
asphaltic bitumen required and passes into the evaporator 
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where the pressure drops and the vapours are flashed off. 
There arc three or four stripping trays below the oil inlet 
and the stripping of the residue is assisted with super- 
heated steam at 280-300° C. supplied through a spider in 
the bottom section of the evaporator. The residue, which 
is the asphaltic bitumen required, is drawn off from the 
bottom of the evaporator, a constant level being kept in 
the evaporator by means of a constant level device. The 
asphaltic bitumen flows from the evaporator through 
the heat exchangers where it is cooled to 160-1 80° C. by the 


6 ft. in diameter with dished ends. The hot oil from the 
pipe heater enters the side of the vessel about 8 ft. 6 in. 
from the top through a 6-in. line. Immediately above the 
oil inlet a layer of Raschig rings, about 2J ft. in height, is 
supported on an expanded metal grid. The vapours leave 
the vessel through a 12-in. outlet in the centre of the top 
cover. The asphaltic bitumen leaves through a 6-in. outlet 
placed on the side of the vessel about 2 ft. 6 in. from the 
boUom, an internal standpipe being fitted to maintain a 
constant level. Below the oil inlet there arc three or four 




crude oil charge. From the heat exchangers, the asphaltic 
bitumen flows by gravity to two receiving tanks and is 
pumped from these tanks to the storage tanks. 

The vapours flashed off in the evaporator pass through 
a layer of Raschig rings which acts as a mist extractor, to 
the fractionating column where suitable separation can be 
made of the required distillate cuts. In the case of heavy 
Mexican crude oil it is usual to take a gasoline cut of 
required end-point from the top of the column and the 
bottom of the column yields a gas oil or Diesel oil. The 
end-point of the gasoline from the top of the column is 
controlled by refluxing part of the condensed gasoline, 
the rate of reflux being subjected to a temperature con- 
troller which keeps a constant temperature at the top of 
the column. The gasoline reflux is pumped to the top of 
the column by means of a centrifugal pump which can be 
controlled either on the steam supply to the pump or by 
means of a by-pass on the delivery from the pump. 

The evaporator is a vertical cylinder, 22 ft. in height and 


trays of the ‘dish and doughnut’ type and beneath the 
bottom tray there arc two 2-in. steam spiders through 
which superheated steam is supplied. The vessel is insu- 
lated with Highpor bricks cement rendered. 

The heat exchangers illustrated in Fig. 2 are of a type 
particularly suitable for use with asphaltic bitumen. They 
consist of a number of sections of 12-in. pipe about 21 ft. 
in length, in each of which are fitted 8 tubes of 2i in. 
diameter running parallel with the length of the sections. 
The length of the tubes between the plates is 20 ft. 9 in. and 
the effective cooling surface of a heat exchanger having ten 
sections is 1,058 sq. ft. The connexions for asphaltic bitu- 
men arc 6 in. in diameter and those for crude oil are 4 in. in 
diameter. One heat exchanger of these dimensions is kept 
in operation and a second is held as a spare. The asphaltic 
bitumen enters at the top and passes through the shell, the 
crude oil entering at the bottom passes through the tubes. 

The fractionating column is 6 ft. 7 in. in diameter and 
39 ft. 6 in. in height. It contains 39 trays, of which 8 are 
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below the vapour inlet. The bottom distillates are drawn 
oflf from the column through a 4-in. seal pipe, while the 
vapours leave the top of the column through an 18-in. 
outlet on the side about 2 ft. 6 in. from the top, the vapour 
line from this point being reduced to 12 in. in diameter. 
Two 1-in. steam spiders are fitted in the bottom section for 

Table III 

Operating Conditions for Atmospheric Unit 


Penetration of asphaltic bitumen 

180/200 

60/70 

45/55 

Temperatures, ® C. : 




Crude to heat exchanger 

50 

50 

50 

Crude to heater .... 

115 

125 

125 

Crude to evaporator 

320 

360 

370 

Asphaltic bitumen to receivers 

160 

180 

190 

Flue gas at base of stack 

: 340 

1 

380 

390 

Pressures, lb. per sq. in.: 

1 



Crude to heal exchanger 

; 60 

75 

85 

Crude to heater .... 

' 55 

70 

80 

Intake Mexican Crude, tons per day . 

280 

220 

210 


column. Superheated steam is supplied to the bottom of 
the fractionating section where a gas-oil distillate is taken 
off as a side cut. From the top of the column gasoline is 
taken off having the required end-point, which is regulated 
by the temperature controller at the top of the column. 

When a kerosine cut is required, this can be taken as a 
side cut from a suitable tray between the top of the column 
and the bottom of the fractionating section, a steam 
stripping section being incorporated at the required tray, 
similar to that used where the gas oil is taken off. 

If the feed to the plant is a topped crude, gas oil is taken 
from the top of the fractionating column and a lubricating 
distillate or Diesel oil is taken from the bottom of the 
fractionating section. 

(iii) Vacuum Plant. Both plants (i) and (ii) may be 
arranged to operate under reduced pressure. This modifica- 
tion is particularly suitable for the distillation of topped 
crude. Fig. 4 illustrates diagrammatically a plant with an 
evaporator arranged with suitable means of maintaining 
reduced pressure. In this plant the topped crude is fed to 



supplying superheated steam. The column is lagged with 
asbestos mattresses protected with galvanized-iron sheeting. 

The average working conditions of the plant when mak- 
ing the standard paving grades of asphaltic bitumen are 
given above in Table III. 

(ii) Atmospheric Unit without Evaporator. This type of 
plant consists essentially of a pipe heater and a fractionating 
column, the evaporator of plant (i) being incorporated in 
the bottom section of the fractionating column. Fig. 3 
illustrates diagrammatically a plant of this type. 

The crude oil is pumped through residue heat exchangers 
where it is heated by the asphaltic bitumen leaving the 
plant. The heated crude oil passes through a pipe heater 
where it leaves at a temperature depending on the grade of 
asphaltic bitumen required. The heated crude oil enters 
the lower part of the fractionating column, which is the 
vaporizing section where the crude oil is flashed, the 
vapours rising through the upper fractionating section and 
the residue descending over a series of trays in the stripping 
section to the bottom of the column where the asphaltic 
bitumen is continuously drawn off, passing through the 
heat exchangers to storage. Super-heated steam is supplied 
at the bottom of the column below the stripping trays, and 
a constant-level device keeps a level of residue in the bottom 
of the column. 

The vapours flashed from the crude oil rise through a 
series of bubble trays in the fractionating section of the 


a vapour heat exchanger, where it is warmed by vapours 
from the fraetionating column. The feed then passes 
through a series of residue heat exchangers where it is 
further heated by the hot asphaltic bitumen leaving the 
bottom of the evaporator. The heated feed is then pumped 
through a pipe heater of suitable capaeity where the feed is 
heated up to a temperature depending on the grade of 
asphaltic bitumen required. This temperature is controlled 
by keeping the firing conditions steady and manipulating 
the inlet valve to the heater. The feed pump of a rotary 
type is kept running at constant speed and any excess of 
feed not taken through the inlet valve to the pipe heater is 
by-passed to the suction side of the pump. By this method 
the temperature of the oil leaving the pipe still can be kept 
within one or two degrees of the temperature required. On 
this plant, a change of grade is simply effected by a small 
alteration on the inlet valve to the pipe heater, all the other 
conditions then adjusting themselves so as to obtain the pro- 
per temperature of the oil at the outlet of the pipe heater 
corresponding to the grade of asphaltic bitumen required. 

The heated oil at the desired transfer temperature passes 
to the evaporator, a vertical cylindrical vessel, 25 ft. in 
height and 6 ft. in diameter, where it enters at a point about 
two-thirds the way up and descends over a series of 6 strip- 
ping trays below which superheated steam is supplied 
through a spider. The evaporator is under a pressure of 
about 2 in. of mercury and there is a good separation 
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between the residual asphaltic bitumen and the distillate 
vapours. The asphaltic bitumen is removed from the 
bottom of the evaporator by means of a steam-jacketed 
rotary pump which pumps the product through the heat 
exchangers to storage. A constant level of asphaltic bitu- 
men is maintained in the bottom of the evaporator by 
means of an automatic level controller. 

The mixture of oil vapours and steam passes upwards 
through a layer of Raschig or Lessing rings and leaves the 


spending to plant (ii), is illustrated diagrammatically in 
Fig. 5. The principle of operating this type of plant is very 
similar to that described under plant (ii). The design of the 
two types of plants is also similar, except that allowance 
must be made for the larger volume occupied by the 
vapours under reduced pressure, so that a larger diameter 
is required for the same capacity in the vapour space of 
the fractionating column and the vapour lines must be of 
correspondingly larger diameter. 



evaporator by a 30-in. vapour line passing to a fractionating 
column 45 ft. in height and 12 ft. in diameter. There are 2 
stripping trays below the inlet to the column and 6 bubble- 
cap trays above the inlet, and superheated steam is fed into 
the bottom of the column to assist in stripping the residue. 
The top of the column yields gas oil and part of this pro- 
duct is used as reflux for controlling the temperature at the 
top of the column, the reflux being supplied by a centrifugal 
pump and the amount of reflux regulated by a temperature 
controller at the top of the column. The bottom of the 
fractionating column gives a lubricating oil distillate which 
is pumped continuously away through water coolers to 
storage, a constant level being maintained at the bottom 
of the column. 

From the top of the fractionating column the mixture 
of gas-oil vapours and steam passes through a vapour to 
a crude heat exchanger, and then to a condenser cooled by 
water regulated so as to condense all the gas oil but not 
the steam. The condensed gas oil passes to a surge tank 
where part of the gas oil is supplied to the reflux pump and 
the balance pumped to storage. The uncondensed steam 
from the gas-oil condenser passes to a water-cooled baro- 
metric condenser which is a vertical cylindrical vessel about 
40 ft. above ground level. The steam and any uncondensed 
vapours pass through a series of horizontal baffle plates in 
the barometric condenser and meet a descending stream of 
cold water which condenses the steam. The mixture of 
cooling water and condensate passes from the barometric 
condenser through a long vertical pipe which is sealed by 
a water seal at ground level. The top of the barometric 
condenser is connected to a steam-jet air pump or a vacuum 
pump which maintains the desired vacuum on the whole 
plant. The operating conditions for a plant of this type, 
distilling Venezuelan topped crude, are given in Table IV. 

A vacuum plant in which no evaporator is used, corre- 


The operating conditions of this type of plant are given 
in Table V, the figures being taken from an article by 
W. T. Ziegenhain [10] in the Oil and Gas Journal in 1933. 


Table IV 


Operating Conditions for Vacuum Unit with Evaporator 


Grade of asphaltic bitumen . . | 

180/200 

45/55 

Temperatures, ® C. : 



Feed ex pump 

52 

52 

„ vapour heat exchange.'- . 

111 

124 

„ asphaltic bitumen heat exchanger 

160 

179 

„ pipe heater 

307 

352 

Asphaltic bitumen ex evaporator 

280 

311 

„ „ heat exchanger 

188 

189 

Vapour ex evaporator .... 

284 

330 

„ fractionating column . 

205 

212 

„ vapour heat exchanger 

164 

174 

Pressures, mm. Hg absolute pressure: 



In ejector 

20 

14 

At top of fractionating column 

22 

18 

At bottom „ „ . . . 

28 

31 

In evaporator 

33 

38 

Intake of feed, tons per day .... 

432 

324 

Ratio of steam to total distillate 

1:200 


Table V 


Operating Conditions for Vacuum Unit 


Temperatures, ® C. : 

Feed inlet to pipe heater . 232-316 

„ outlet „ ... 371-443 

Top bubble-tray of fractionating column 3 1 6 
Pressure at top of column . 38-50 mm. of mercury. 


Yields of Products: 

Gas oil 24 % 

Lubricating oil distillate . • 45 % 

Asphaltic bitumen 100 penetration 30% 
Loss 1 % 

100 % 
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The feed to the plant is 20 gravity (sp. gr. at IS"" C. O. 
934) topped crude and the products made are gas oil, 
lubricating oil distillate, and asphaltic bitumen, 

(iv) Two-stage Atmospheric and Vacuum Unit. This type 
of plant is suitable for the direct distillation of crude oil 
down to a residue of asphaltic bitumen. In the atmospheric 


two sections, the lower part acting as an evaporator where 
the crude oil is flashed, and the residue passes over a series 
of stripping trays, superheated steam being admitted 
through a spider at the bottom of the column. The vapours 
rise through a series of bubble-plates to the top of the 
column. From the top, gasoline of required end-point is 


STCAM 




stage the crude oil is topped, taking off gasoline and kero- 
sine and producing a residue which is further distilled in 
the second stage under vacuum. In the vacuum stage the 
required asphaltic bitumen is obtained as a residue and the 
overhead distillates consist of gas oil and lubricating oils 
or Diesel oil depending on the type of crude oil treated. 

A plant of this type is shown diagrammatically in Fig. 6. 

In the atmospheric stage the crude oil is pumped through 
distillate-crude oil heat-exchangers, then through asphaltic 
bitumen-crude oil heat-exchangers to a pipe heater. The 
heated crude oil passes from the pipe heater to the atmo- 
spheric fractionating column. This column is divided into 


taken off, the temperature at the top of the column being 
kept constant by refluxing gasoline regulated by a tempera- 
ture controller. A kerosine cut can be taken off as a side 
cut from a suitable tray in the fractionating section of the 
column. Additional superheated steam may be supplied 
in the column just below the kerosine outlet so as to im- 
prove the kerosine cut. 

The topped crude residue at the bottom of the atmo- 
spheric fractionating column is drawn off by a pump and 
fed to the second pipe heater where the oil is heated to the 
temperature necessary for the particular grade of asphaltic 
bitumen required. The heated oil leaves the heater and 
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passes to the vacuum fractionating column where it is 
hashed, and the residue passes down over a series of strip- 
ping trays, superheated steam being supplied through a 
spider beneath the bottom tray to assist in stripping the 
residue. This residue, which is the required grade of 
asphaltic bitumen, passes through crude oil heat exchangers 
and then to storage. A constant level of the residue is kept 
in the bottom of the column by means of a float controller. 

The vapours separated from the residue pass up above 
the oil inlet to the column through 3 ft. of Raschig or 
Lessing rings, then through a series of bubble-trays. 
A light gas oil is taken from the top of the column and a 
heavy gas oil or lubricating oil distillate is taken as a side- 
cut at a point just above the layer of Raschig rings. 
A temperature controller regulates the reflux of gas oil to 
the top of the column to maintain a constant temperature. 
The steam and uncondensed vapour leaving the water- 
cooled gas oil- condenser passes to a barometric condenser 
which is connected up to a steam-jet air pump or a vacuum 
pump. 

When distilling a heavy Mexican crude oil on this plant 
the light gas oil and heavy distillate are blended to produce 
Diesel oil and the yields of products are shown in Table VI. 


Table VI 

Products from Heavy Mexican Crude Oil 


Grade of asphaltic bitumen 

180/2(X) 

45/55 

Gasoline % by weight 

3-5 

3-5 

Kerosine • 

4 0 

40 

Diesel oil 

19 3 

23*3 

Asphaltic bitumen, % by weight . 

72 0 

68 0 

Loss (including water) ,, 

12 

12 


100 0 

1000 


The operating conditions are given in Table VII, when pro- 
ducing 180/200 and 45/55 grades of asphaltic bitumen. 

Table VII 


Operating Conditions for Two- Stage Unit 

Grade of asphaltic bitumen 

180/200 

45/55 

Temperature, ° C. : 



Crude to distillate heat exchangers . i 

56 

58 

„ „ asphaltic bitumen heat exchs. . . I 

89 

100 

Crude to first-stage heater . 

118 

146 

Atmospheric column inlet .... 

214 

222 

Feed to second stage heater 

196 

206 

Vacuum column inlet .... 

240 

306 

Asphaltic bitumen to heat exchangers . 

236 

284 

„ „ „ storage 

184 

212 

Pressures — mm. Hg absolute pressure: 



Barometric condenser .... 

14 

14 

Vapour line ex condenser .... 

16 ! 

16 

„ „ column .... 

16 j 

18 

At hot oil inlet to column .... 

22 j 

28 

Intake of crude oil, tons per day . 

820 1 

740 

Superheated steam to atmos. column, lb. per hr. 

: 182 i 

182 

Ratio of steam/distillate „ 

1:24 i 

1:24 

Superheated steam to vacuum column, lb. per hr. 

650 

714 

Ratio of steam/distillate 

1:18-3 

1:25 


(v) Unit without Heater. In certain cases a residuum is 
available leaving a plant at a sufficiently high temperature 
for further distillation to take place by the addition of 
superheated steam and by the application of reduced pres- 
sure. A particular example of this condition is the case 
of residuum leaving a cracking plant under Jiigh pressure. 


If this cracked residuum is passed to a fractionating column 
under reduced pressure and superheated steam added at 
the base of the column, it is possible to produce asphaltic 
bitumen which can be drawn from the bottom of the 
fractionating column. 

Fig. 7 illustrates diagrammatically an arrangement for 
a plant operating under these conditions. The cracked 
residue from the cracking plant is taken through a 2-in. 
steam-jacketed line to a horizontal cylindrical surge tank 

10 ft. in diameter and 15 ft. long. The low pressure in the 
fractionating column draws the feed from the surge tank 
continuously into the column, the flow being hand regulated 
by a 3-in. gate valve. The feed, at a temperature of about 
430'' C., enters the column about two-thirds the way up. 
Below the feed inlet there arc 8 bubble-trays, the bubble- 
caps being arranged for very small submergence, so as to 
have a low pressure drop through the column. At the 
bottom of the column, superheated steam is supplied 
through a spider to assist in stripping the residue. The 
asphaltic bitumen is drawn off from the bottom of the 
column by means of a pump which is regulated by a float 
controller keeping a constant level in the bottom of the 
column. The asphaltic bitumen is passed through a series 
of coolers and then to storage. 

Above the feed inlet to the column there are 8 mist 
extractor plates, and the cracked distillate is taken off as 
a single overhead cut from the top of the column. As no 
fractionation is required, beyond stripping of the asphaltic 
bitumen, no additional reflux is fed to the top of the column. 
The vapour leaves the top of the column through an 18-in. 
insulated line which is arranged in a large loop as the 
temperature of the vapour is high. The vapour is con- 
densed under vacuum and pumped to storage. 

The penetration of the asphaltic bitumen produced is 
controlled by regulating the volume of superheated steam 
supplied to the column. Further control of the penetration 
may be obtained by varying the absolute pressure in the 
column and also by regulating the quantity of feed to the 
column. 

The asphaltic bitumen is cooled by means of a circulating 
system of gas oil supplied from a surge tank, the heated 
gas oil being cooled with water and returned to the surge 
tank. By this means the rate of cooling of the asphaltic 
bitumen is controlled so that no over-cooling and congeal- 
ing takes place. 

The asphalt cooler consists of 10 sections of multitubular 
coolers arranged in 2 vertical banks of 5 each in series flow. 
The shells are 10 in. in diameter and 18 ft. long. They are 
fitted with steel caps, which hold in position 12 2-in. tubes 
in each section arranged in 3 passes. Asphaltic bitumen 
passes inside the tubes and gas oil flows through the shell 
outside the tubes. The return bends for the asphaltic bitu- 
men are steam jacketed. The total effective heat-transfer 
surface of the cooler is 1,116 sq. ft. The gas-oil cooler is 
made up of four sections of similar multitubular construc- 
tion, except that the caps are of semi-steel. In this cooler 
the gas oil passes inside the tubes and the shell serves as a 
water or steam jacket as desired. The total effective heat- 
transfer surface of this unit is 446 sq. ft. When starting up 
the plant it is desirable to use steam for heating up the gas 

011 to a temperature of 120° C. When the asphaltic bitumen 
is being produced at a normal rate the gas oil-cooler is 
cooled with water. 

The yields and properties of various grades of asphaltic 
bitumen made on this type of plant from cracked residuum 
are given in Table VIII. 
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Table VIII 


Unit Without Heater 


Feed intake, barrels per day 
Yield asphaltic bitumen, % (volume) 
„ distillate, % . . . 

Melting-point (R. & B.), “ C. 
Penetration at 25* C. 


. ! 744 

720 

727 

. ! 90 1 

74 

66-5 

• : 10 1 

26 , 

33-5 

36 1 

59 

83 

. 260 

9 

2 


Fuel Consumption for Distillation. 

One of the most important items of expenditure in the 
manufacture of asphaltic bitumen by distillation is the con- 
sumption of fuel for heating purposes. The fuel is con- 
sumed directly for heating the oil in the pipe heater and 
indirectly, in the form of steam, to assist the distillation and 
fractionation. Indirect fuel is also used, in the form of 
steam, electricity or oil, for heating tanks and pipelines 


sumption, as the decrease in steam required for distillation 
is almost covered by the additional fuel required for operat- 
ing the vacuum pumps. Of the total fuel consumed, there 
is a saving of about one-quarter of the fuel required, if a 
vacuum plant is used. 

Manufacture from Acid Sludge 

Asphaltic bitumen may be recovered from the acid sludge 
obtained by the treatment of asphaltic or mixed base 
lubricating oil distillates with concentrated sulphuric acid. 
The production of asphaltic bitumen by this method is used 
only to a limited extent and mainly for the purpose of dis- 
posing of a waste product which may become a nuisance. 
(See article by Oliver and Spangler.) 

One method of treating the acid sludge is described by 
H. Abraham [1, 1929]. The acid sludge, mixed with water, 



and for driving pumps. In Table IX the figures for fuel 
consumption are taken from actual operation of atmo- 
spheric and vacuum plants when distilling heavy Mexican 
crude oil and Venezuelan topped crude oil. 

Table IX 

Fuel Consumption for Manufacture of Asphaltic Bitumen by 
Distillation 


I Venezuelan Topped 
Mexican Crude Oil i Crude Oil 


% on intake | 

Atmospheric 1 

Vacuum Atmospheric 

' Vacuum 

Direct fuel . 

21 

1-6 1 

3 0 

j 2-0 

Indirect fuel — 

distillation 

0-45 

1 

013 I 

0’75 

1 

1 025 

Indirect fuel — 

other purposes . I 

1 

1-49 

I -68 

1-49 

1-68 

Total fuel con- 





sumption . 

4-64 

3-41 i 

5-24 

i 3-93 


It is evident from the above figures that there is a saving 
of about one-third in the direct fuel consumption when 
using a vacuum plant compared with an atmospheric plant. 
However, there is no great saving in the indirect fuel con- 


is agitated with air and live steam in a lead-lined agitator 
and the mixture, on settling, separates into three layers. 
The dilute acid layer settles to the bottom and an oily 
layer rises to the top, while the middle layer consists of 
acid tar which solidifies on cooling. The top and bottom 
layers are removed and the acid tar is further washed with 
water and agitated with steam and air until all the acid has 
been removed from the tar. The tar is then heated with 
superheated steam which causes the distillation of the tar to 
take place, and this is continued until the residual pitch has 
the desired penetration. 

In a second method, described by C. Baskerville [4] in 
1920, the acid sludge is heated up with concentrated sul- 
phuric acid and live steam for an hour or so, when 3 layers 
are formed. The top layer is separated oil and the bottom 
layer is concentrated acid, while the middle layer is a pasty 
mass containing the asphaltic material and 15 to 25% of 
sulphuric acid. This middle layer of tar is separated and 
washed with water. The tar is then mixed in a suitable mill 
with sufficient slaked lime or finely powdered limestone to 
neutralize any acid present. The heat of reaction, during 
neutralization, raises the temperature of the mixture suffi- 
ciently to make it fluid so that it can be filled into receptacles 
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for distribution. The asphaltic bitumen made in this way 
contains 10 to 40% of calcium sulphate depending on the 
amount of free acid present before neutralization [3]. 

R. de M. Taveau [9] was granted a patent in 1918 for the 
production of asphaltic bitumen from acid sludge. In this 
process, the acid sludge is digested with steam and water 
and the mixture settles into 3 layers. The middle layer, 
which is acid tar, is emulsified with an excess of sodium 
hydroxide or sodium carbonate. This emulsion is broken, 
either by heating to 100° C. or by adding benzene and blow- 
ing air through the mixture. By either method of breaking 
the emulsion, an upper layer is obtained containing, in the 
first case, oil and asphaltic bitumen, while in the second 
case, a mixture of oil, asphaltic bitumen, and benzene is 
obtained. The asphaltic bitumen is then produced by 
distilling the separated upper layer down to a residue of the 
required penetration. 

Asphaltic bitumen prepared from acid sludge usually 
has a low melting-point/penetration index and shows lower 
resistance to weather exposure than normal residual or 
blown asphaltic bitumen. 

Manufacture by Solvents 

Asphaltic bitumen can be removed from residual oils by 
the addition of low-boiling hydrocarbons which cause the 
precipitation of asphaltic material as a lower layer contain- 
ing a small amount of the solvent while the remainder of 
the oil forms a solution as the upper layer. The properties 
of the asphaltic material separated in this way depend on 
the nature of the residual oil treated, the type of solvent 
used, and the conditions under which the treatment is 
carried out. This method was proposed by the I.G. Farben- 
industrie in 1932 [7] for the ‘fractional precipitation of 
asphalts and pitches . . . from crude petroleum, or distilla- 
tion, cracking or destructive hydrogenation residues ob- 
tained from coal, tars or mineral oils’. In this process the 
residual oil is heated with liquid butane to 50° C. under 
pressure and the precipitated asphaltic material is separated. 
The solution of oil in butane is then treated with a mixture 
of propane and ethane, kept in a liquid state under pressure, 
when a further amount of asphaltic material is precipitated. 
The asphaltic bitumen precipitated in these two stages have 
different properties and the process can be considered as 
one of fractional precipitation. 

The effect of using different solvents to precipitate the 
asphaltic material is illustrated in the results given by U. B. 
Bray, C. E. Swift, and D. E. Carr [5] in 1934, who treated 
a topped crude oil of viscosity 66 sec. Saybolt Universal at 
100° F. with a series of light hydrocarbon solvents includ- 
ing ethane, propane, and butane. Some of the results ob- 
tained when treating the topped crude with ten volumes of 
solvent at 80° F. are given in Table X. 

Ethane gives a high yield of very soft asphaltic material 
from this particular residual oil, while butane gives a much 
lower yield of asphaltic bitumen of very high melting-point. 
Propane yields an asphaltic material which is fairly near 
to a normal hard grade of asphaltic bitumen obtained by 
the distillation of the topped crude oil. 

In the refining of lubricating oils, liquid propane is used 
for a number of purposes, one of which is the removal of 
asphaltic material from residual oils, or ‘de-asphaltizing’. 


Table X 

Properties and Yields of Asphaltic Bitumen Produced by 
Extraction with Light Hydrocarbon Solvents 



Yield of 





asphaltic 





bitumen 

Properties of asphaltic bitumen 


% vol. on 

. — . — - 





topped 

Sp. gr. j Melting- 

Pen. 

Ductility 

Solvent 

crude 

at 60'" F. 1 point, “ F. 

at 77“ F. 

at IT F. 

Ethane 

\ 890 

0-98 

soft 

0 

Propane (b.p. —42 


i 



to -40“ F.) 

250 

1 063 , 176 

2 

0 

Butane 


I 



(b.p. 30 to 36“ F.) . 

11-2 

307 

1 0 

0 


The residual oil is mixed with a suitable quantity of liquid 
propane at the required temperature and when equilibrium 
is obtained the mixture separates into two layers, the upper 
layer containing the de-asphaltized oil in solution in pro- 
pane and the lower layer consists of the precipitated 
asphaltic material mixed with a little propane. The pro- 
pane in the lower layer is removed by evaporation, leaving 
behind the asphaltic bitumen. 

The quality of the asphaltic bitumen produced by this 
method depends on the nature of the residual oil treated 
and on the amount of propane used or the solvent ratio. 
The minimum proportion of propane which will cause a 
separation into two layers is the critical ratio, and as the 
proportion of propane is increased beyond the critical ratio, 
more oil passes from the lower layer to the upper layer until 
a maximum is reached when further increase in the ratio 
of propane causes no additional separation. Between the 
limits of the critical ratio and the optimum propane ratio 
the precipitated asphaltic bitumen contains decreasing pro- 
portions of oil, so that the grade or penetration of the 
asphaltic bitumen produced can be controlled by the pro- 
pane ratio used for separation. 

The solvent process gives a method of controlling not 
only the penetration of the asphaltic bitumen but also the 
type of material produced as measured by the melting- 
point/penetration index or the change in penetration or 
viscosity with temperature, that is, the susceptibility. 
C. Mack [8] in 1933 pointed out that the susceptibility of 
asphaltic bitumen depends on the chemical composition of 
the oily constituents and on the change in their viscosity 
with temperature. If the residual oil normally yields by 
distillation asphaltic bitumen of high susceptibility, corre- 
sponding to low melting-point/penetration index, the 
asphaltic material precipitated by using the optimum pro- 
pane ratio can be fluxed with a heavy oil of low suscepti- 
bility in order to produce asphaltic bitumen of suitably 
high melting-point/penetration index. 

The method of producing asphaltic bitumen by solvent 
processes is still largely in the experimental stage. The use 
of propane for this purpose can only be considered where 
there is an abundant economic supply of this hydrocarbon. 

Under present conditions, the process is generally more 
expensive than the usual distillation methods, but the in- 
creasing use of solvent extraction processes for refining 
lubricating oils will tend to make the de-asphaltizing of 
residual oils more general, and as a consequence the pro- 
duction of asphaltic bitumen by this method will acquire 
commercial importance. 
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BLOWN ASPHALT 

By H. B. PULLAR 

Vice-President and General Manager y Berry Asphalt Company y Chicago 


On 28 April 1893 Francis X. Byerley applied for a patent 
for the treatment of residuum oil by heating the oil to 
a pitch-forming, non-coking temperature of about 600"^ F., 
and by sucking air through it by means of a suction pump. 
The apparatus which Byerley used was a closed shell still 
with a few open air-pipes extending through the top of the 
shell and within a few inches of the bottom. 

Byerley produced various grades of asphalt products 
from a soft rubber-like consistency to hard pitch with the 
melting-point varying from 200 to 400^" F., which he recom- 
mended for paving, roofing, and industrial purposes. 

This appears to be the first practical attempt to make air- 
blown asphalts in the United States. 

Because of the fact that Byerley used a light Ohio 
residuum oil, having a gravity of approximately 22"* Be., 
and because he maintained this oil at comparatively high 
temperatures with a small quantity of air, his process was 
essentially a distillation process, with the air used princi- 
pally for agitation and to accelerate the distillation. There 
was, however, no question but that the air did have a 
chemical effect on the residuum and changed its chemical 
composition. Byerley was cognizant of this fact and so 
described it in his patent application. 

Because of the unusual characteristics of these Byerley 
products and the difficulty in manufacturing due to the 
fire-hazard which accompanied his process comparatively 
small quantities were used. 

On 21 February 1898 G. K. Culmer, who apparently was 
familiar with the Byerley process, applied for a patent, 
describing his process as one by which a residuum oil 
could be chemically changed from a liquid into a semi- 
solid by forcing a copious amount of air through the 
heated mass of residuum oil at comparatively low tempera- 
tures and below the pitch-forming temperatures described 
by Byerley, and without any appreciable loss by distillation. 
The Culmer process, as described, is without doubt the 
forerunner of the present methods used in air-blowing 
residua and asphalt products of various types. 

In the first practical application of the Culmer patents 
comparatively small stills holding between 1,000 and 3,000 
gal. of residuum oil were used, and the air was introduced 
into the heated mass of oil by a single perforated pipe laid 
along the bottom of the still. The air was forced into the 
mass by means of low-pressure air compressors — the 
pressure being maintained at approximately 18 lb. — and 
approximately 10 lb. of air per cu. ft., per ton, per min., 
forced throu^ the oil. 

Because of the quality, character, and light gravity of 
the residuum used in these early experiments, and because 
of the poor distribution of air through the oil mass, the 
time of blowing varied from 20 to 60 hr. 

At the time Culmer began his experiments a heavier 
residuum had become available, and most of the early 
Culmer experiments were made with an Ohio residuum 
having a gravity of approximately 18° B6., which enabled 
him to produce air-blown asphalts at lower temperatures 
and without any substantial distillation taking place. 

Both the early Byerley and Culmer air-blown asphalts 


proved unsatisfactory for paving, but were used success- 
fully for industrial purposes — such as blending with rubber, 
making black paints, mixing with insulating materials, 
waterproofing, mastic floors, and filler for brick pavements. 

On account of the character of the residua used 
during this period, and because the asphalts produced 
were short, cheesy, and with little adhesive properties, it 
was found necessary, in order to obtain satisfactory 
results, to blend these air-blown residua with natural 
asphalts — such as Gilsonite — which imparted to the blown 
asphalts increased stability, better adhesive properties, and 
greater ductility. 

During the early period of making air-blown asphalt 
the common practice of refining crude oil was by batch 
distillation, and little attention was given to controlling 
the qualities of the residuum produced. As a result of 
these antiquated and now obsolete methods of refining 
crude, there was considerable variation in the character 
and quality of the residua, which, when treated with air, 
gave varying results. 

If the residuum had been heated or cracked during the 
process of refining, the resulting air-blown asphalt was 
short, cheesy, greasy, and sometimes even granular in 
appearance, and unsuitable for any practical use — either 
in the construction of roads and streets or for the produc- 
tion of industrial asphalts. 

If sufficient steam was introduced into the batch still 
during refining and care was taken to regulate tempera- 
tures below the cracking-point, better quality residua were 
obtained, and, when air-blown, produced much better 
asphalts and required less blending of natural products. 

As most of the early experiments and practical applica- 
tions of air-blown asphalts were produced from residua 
made by refining Ohio crude, which contained a high 
percentage of paraffin, and because the resulting products 
ft-om the refineries were not uniform, comparatively slow 
progress was made in commercializing air-blown products, 
and an unfair trade prejudice developed against them. 

It was not until 1908, or until after the discovery of 
heavier crude oils of an asphaltic base in Illinois and 
Kansas, that the industry of producing air-blown asphalts 
became an important factor. These heavier semi-asphaltic 
oils produced better residua which made much better air- 
blown asphalts and which, for the first time, produced 
air-blown asphalts of good quality without the addition 
or blending of natural asphalts. It was during this period 
that air-blown asphalts were first used successfully for 
paving and road work. Shortly after air-blown asphalts 
were produced from the more highly asphaltic oils of 
Texas and California. 

Table I, made in 1910, is typical of the effect of blowing 
Illinois residuum, as produced at that time, in a com- 
mercial still containing approximately 1,200 gal. of 
residuum. 

The converting kettle in which this was made was 
equipped with a 2-in, perforated pipe running the full 
length of the kettle about 1 in. from the bottom. The air 
was supplied by a low-pressure air compressor. The oil 
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PRODUCTS OF PETROLEUM 


was heated to a temperature of approximately 200° F., 
at which time the air was introduced into the oil and the 
temperature increased gradually until it reached a maxi- 
mum of 425° F. On account of the fact that the treatment 
of petroleum residuum by air produces an exothermic 
reaction, the heat created was sufficient to raise the tem- 
perature from 300 to 425° F. without any external heat being 


produced continually better and more suitable grades of 
residuum for air treatment. During this period these 
products were more extensively introduced to the paving, 
road building, and roofing industries, and their successful 
use created a rapidly increasing demand. 

Due to the successful results obtained from the use of 
air-blown asphalts in the roofing industry, numerous air- 



Fio. 1. Blowing curves. Fluxes from various crudes. 

A — ^Arkansas flux. C — California flux. / — Illinois flux. M — Mexican flux. MC — Mid-Continent flux. 


applied. The slow conversion of the oil as shown in Table I 
was due principally to the comparatively small amount 
of air introduced and the poor distribution of this air 
through the heated mass of oil. 

The asphalts produced, as shown by this table, had a 
very low susceptibility to temperature changes and good 
adhesive properties, but they were very low in ductility 
and required blending with Gilsonite in order to produce 
satisfactory paving cements. 

During the period between 1910 and 1920 considerable 
progress was made in the development and commercial 
use of air-blown asphalts. Improved methods of refining 


blowing installations were made in roofing plants through- 
out the country, and, in order to get the most satisfactory 
results, the blending of residua for air treatment was 
common practice. 

During this period Mexican residuum was used princi- 
pally as the base material, due largely to the fact that it 
produced non-staining asphalts. The Mexican oils, how- 
ever, when blown straight produced products too hard 
and too susceptible to temperature changes. To overcome 
these objections, from 10 to 15% of Mid-Continent oils 
were blended before being air blown. 

Table 11 shows the effect of blending Illinois residua 
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with Mexican in varying proportions as shown. It will be is, however, comparable to that of the Mexican and 

noted from this table that as the blending of the semi- Californian oils. 

asphaltic Illinois residuum with the pure asphalt Mexican With modern methods of refining, residua can be so 
residuum was increased, the susceptibility to temperature refined that different grades can be produced from the 
changes was decreased and the melting-point substantially same crude, and when air treated will produce asphalts 
raised for the same penetration. of any desired consistency or specification. 

Since 1920, and up to the present time, revolutionary Fig. 1 shows the effect of air on different types and 
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Fig. 2. Blowing curves. Fluxes from same crude. 


changes in the refining of petroleum products have taken grades of crude oil, while Fig. 2 shows the effect of air- 

place, with the resulting changes and progress in the blowing on three different grades of residuum produced 

production of air-blown asphalts. from the same crude oil by reducing to different flash-points. 

Air-blown asphalts are to-day manufactured from a The difference between the 500° F. flash-point residuum 
great many crude oils — practically all crudes containing, shown in Fig. 2, as compared with the 620° F. flash 

by certain processes of refining, some percentage of asphalt. residuum, represents approximately 20% of distillation, 

ITie better grades of asphalt are, however, still being pro- which, in this particular case, consisted of heavy lubricating- 

duced from the pure asphalt crudes of Mexico and Cali- oil fractions — the 500° F. flash-point residuum representing 

fomia and from the small asphaltic oilfields in Texas, 70% of the original crude oil, and the 620° F. flash-point 

Arkansas, Wyoming, Kansas, and Oklahoma. The latter residuum representing 50% of the crude oil. 

production is not large, and the asphaltic crude is limited to The present practice in the manufacture of asphalt is 
restricted areas and from comparatively shallow produc- to reduce the crude oil by means of tube stills and evapor- 

tion. The quality of the asphalt produced from these fields ating towers, or vacuum towers, to a predetermined 
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consistency, which may represent the finished product or a 
residuum to be further air-treated into finished products. 

Various types of equipment are used for air-blowing 
residua — different shapes of stills, different types of 
blowers, different methods of heat control and fume 
removal. The most common modem air-blowing still is 
a cylindrical still having a capacity of from 6,000 to 20,000 
gal. The air is supplied from a positive displacement 
blower operated by an electric motor or steam engine. The 
blower consists of two impellers rotating in a close- 
fitting case with each revolution of the blower. The air is 
introduced into the bottom of the still through perforated 
pipes — bubbling up through the heated residuum oil to the 
surface, during which period it has chemically reacted with 
the heated oil. The effect of a large volume of air passing 
through the residuum keeps it in a violent state of agitation, 
and the action produces gases and fumes which require 
immediate removal from the still. 

The quantity of air required varies with the type of 
residuum being used. Some residua are much more 
sensitive to air than others and the reaction more violent. 
As a general rule, it has been found, however, that the 
most economical conversion takes place by introducing 
into the residuum from 75 to 150 cu. ft. of air per ton 
per min. 

The use of low-pressure, high- volume blowers, the better 
distribution of air through the converting kettles, and 
the high flash-point of residua now being produced have 
materially reduced the period of blowing and have made 
it possible greatly to increase the quantity of residuum 
blown at one time. Asphalts which formerly required 
from 30 to 40 hr. of blowing are now made in from 5 to 
7 hr. The temperatures at which blowing takes place have 
increased from under 425'' F. to between 500 and 600"^ F. 
In semi-open stills the maximum blowing temperature 
should be not more than 25° below the flash-point of the 
residuum being treated. 

Heavy residuum oil appears to have certain charac- 
teristics inherited from the crude from which it is produced. 
The normal characteristics expected from air-blowing 
may, however, be changed to some extent by the processing 
method. For instance, introduction of steam into the 
converting kettles during the process of blowing produces 
more highly ductile and less staining asphalts than can 
be obtained without the use of steam. The variation of 
blowing temperatures in the still may also affect the 
characteristics — particularly the ductility, there apparently 
being a range of temperature for each residuum above 
and below which ductilities of the finished product are 
reduced. 

The addition of foreign substances in the residuum 
before air-treating — such as resin, rubber, sulphur, pitches, 
vegetable and animal oils, natural asphalts, and other 
products — very materially change the character of the 
finished product. 

Those conversant with the art are continually finding 
numerous small but important details in air treatment that 
may apply generally to all residua, or only particularly 
to the residuum under treatment. This is especially true 
with blended products. 

Due to the complex structure of hydrocarbons, it has 
been impossible so far to determine definitely just what 
reactions take place during conversion of the oil from a 
liquid to a semi-solid or solid. It is generally admitted that 
this is an oxidizing reaction; but in carefully made experi- 
ments, little or no water seems to have been formed from 


the oxygen combining with the hydrogen. Likewise, in 
the ultimate analysis of products produced, there seems 
to be no appreciable fixation of oxygen. 

During the conversion fumes are given off, varying in 
amounts and character with different residua. Generally, 
however, there is no appreciable loss in converting any 
residuum from a liquid to a semi-solid — the maximum on 
practically any type of residuum now used being less than 
5 % in converting an oil softer than 300 penetration to a 
semi-solid with a softening-point of over 300° F. 

In air treatment of residua it is essential that the 
fumes created during the process be rapidly removed from 
the convertor. This is accomplished by having several 
large outlets on the convertor to permit the free passage 
of fumes or to withdraw them as rapidly as produced by 
suction fans. Failure to remove these fumes as quickly 
as created may cause a formation of stalactites in the con- 
verting kettles, and the condensation and dropping back 
of these fumes retards to a considerable degree the period of 
blowing and changes to some extent the characteristics 
of the blown product. 

Due to the fact that different residua produced from 
different crudes act differently under air treatment, it is 
advisable in blowing an unknown residuum to experiment 
and endeavour to find out the most critical blowing 
temperatures or range of temperature, and to determine by 
tests the physical properties of tne asphalt produced at 
varying temperatures. 

Present practice requires intimate dispersion of the air 
throughout the mass of oil, and the period of blowing 
depends upon the relative amount of air forced through 
the oil, the distribution of the air throughout the mass, and 
the temperatures at which the blowing takes place. 

During the past few years many devices and methods 
have been tried for more effective distribution of air and 
for a unit that will permit continuous production of blown 
asphalt of any desired grade. Mechanical air mixers are 
one of several types, all of which, however, have as their 
main function the obtaining of better air distribution than 
may be obtained by means of the perforated pipe. By this 
method air is pumped into a revolving paddle-wheel or 
is sucked in by venturi pumps, which gives fine dispersion 
of air globules through the oil and which definitely 
decreases the blowing time required (Fig. 3). 


circulator 



Fig. 4 illustrates a continuous batch-still blowing 
operation which permits the blowing of different grades 
of asphalt at the same time, or the continuous production 
of one grade. 

Large producers of air-blown asphalt are now treating 
large quantities of residuum in large tanks holding from 
1,(XX) to 5fl00 bbl., varying in diameter from 5 to 20 ft. 
and from 10 to 30 ft. in height. It has been found advisable 
to increase the height rather than the diameter, giving the 
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air globules a longer passage through the heated residuum 
and increasing the air efficiency. Such installations require 
the use of large air compressors with sufficient pressure for 
the air to penetrate easily through the head of oil being 
treated. 



There is every indication that the new developments for 
air treatment and the experiments taking place will result 
in more successful and more economical operations and 
the production of better blown asphalts. It is quite prob- 
able that progress made during the next few years will 
make present blowing equipment and practice obsolete. 

Blown asphalts have proved their merit through years 
of service and practical tests under all types and varying 
conditions. They are used almost exclusively in the manu- 
facture of asphalt roofing and shingles; are a most 


important and essential ingredient of rubber insulating and 
waterproofing compounds, protective coatings, and paints; 
and are used to a large extent in the production of battery 
boxes, battery seal and sewer-joining compounds, fillers and 
pipe coatings, grave vaults, and floor planks. 

There has been perfected and now being used by the 
U.S. Government large quantities of blown-asphalt rein- 
forced compounds for revetment work along the Missis- 
sippi, with similar products in the experimental stage for 
reclamation and flood control. 

Blown asphalts are identified by stability, low suscepti- 
bility to temperature changes, weather and water resistance, 
pliability, and tensile strength, as compared to steam- 
refined material or asphalt produced from cracking 
processes. 

Further progress and dilTerent types of material can be 
anticipated by more universal blending of residuum oils 
with other products before air treatment. There are already 
many of these blends being used for industrial purposes. 
With the constantly increasing scientific knowledge of 
blowing and blending, more satisfactory results and a 
greater variety of products will, no doubt, be developed. 
There is every indication that in the near future many 
additional commercial uses will be developed for the 
consumption and use of air-blown asphalt. 



ASPHALTIC BITUMEN EMULSIONS 

By F. H. GARNER, Ph.D., F.I.C., M.I.A.E. 

Anglo-American Oil Company ^ Ltd, 


Asphaltic bitumen emulsions have been developed for 
use in road construction largely because asphaltic bitumen 
in this form can be applied to the road surface cold: the 
viscosity of such emulsions is naturally low, so that no 
heating whatever, prior to application, is necessary, as is 
usual with bitumens and cut-backs. The emulsions mar- 
keted normally contain from 50 to 65% of bitumen, a 
small proportion of emulsifier — J to 1 % — the remainder 
being water. 

Patent literature relating to the manufacture of bitu- 
minous emulsion is very comprehensive and a summary 
up to 1928 will be found in Technisch verwendbare 
Emulsionen by Dr. Aladin [1, 1928]. (More recent lists 
of patents on emulsions are given under reference 1.) 
The first patent on bituminous emulsions was apparently 
a German patent of 1886 [6], but it is only in the last 15 
years that asphaltic bitumen emulsions have been widely 
developed for road use. It is not, however, possible to refer 
in detail to the numerous patents that have been taken out, 
but the following cover some of the more important 
developments. 

H. A. Mackay, 1922, B.P. 202,021, issued in 1922, 
describes the manufacture of emulsion in which the emul- 
sifying agent employed was a soap which was formed 
during the emulsifying process: 2*5--5% of fatty acid, such 
as oleic acid, is mixed with the molten bitumen and the 
necessary quantity of caustic alkali added to the water; 
thus the soap is formed in the process of emulsification by 
the mixing of the bitumen and the aqueous solution. 

In another process, that of J. A. Montgomery, B.P. 
254,232, of 1935, a small amount of preformed emul- 
sion is placed in the mixer and the molten bitumen and 
aqueous solution are introduced into this emulsion, whilst 
the stirrer is in operation. The preformed emulsion present 
helps in the emulsification of the bitumen, and smaller 
quantities of the emulsifier are used than would be required 
to manufacture emulsion in the absence of the preformed 
emulsion. In this process, sometimes referred to as the 
mother liquor process, as soon as one batch of emulsion 
is completed it is run off, leaving a sufficient quantity 
inside the mixer for the manufacture of the next batch 
of which the components are introduced in the same 
manner as already described. 

A very large number of different forms of emulsifying 
agents have been patented for the manufacture of bitumen 
emulsions, but the most commonly employed are soaps 
derived from Swedish liquid rosin, oleic acid, or naphthenic 
acid. Swedish liquid rosin is a by-product from the 
manufacture of wood cellulose, and contains in addition 
to rosin approximately 50% of oleic or similar organic 
add. Colloidal clays, such as bentonite, are also used to 
a considerable extent, and in addition such materials as 
casein, palmitin, stearin pitch, and a number of fats have 
been and are being used industrially. 

Manufacture of Emulsions 

Two principal types of plant used in the manufacture 
of emulsion are (1) the colloid mill, and (2) the batch 
mixer. Of these two types the more popular is undoubtedly 


one or other form of the colloid mill, or homogenizer, 
although the paddle mixer is still employed in a large 
number of factories. In the first of these processes the 
bitumen and aqueous solution are introduced simul- 
taneously into the mill, and dispersion of the bitumen is 
effected largely by the grinding action of the two faces of 
the mill. An emulsion is thus produced, and the degree 
of dispersion depends, to a certain extent, on the speed and 
clearance between the two faces of the mill. This process 
is relatively simple to operate, although precautions must 
be taken to ensure that the proportion of bitumen and 
aqueous solution fed to the mill is kept constant in order 
that a uniform grade of emulsion is produced. Such pro- 
portioning is normally effected on the pumps feeding the 
bitumen and aqueous solution to the colloid mill. 

The following account briefly describes the process of 
the manufacture of asphaltic bitumen emulsions, using a 
colloid mill. The bitumen, which will usually be received 
in an insulated tank in a molten condition, is pumped into 
a storage tank where the temperature is adjusted to 
1 10/120° C., and when the soap is to be formed in situ^ the 
fatty acid introduced into and mixed with the hot bitumen. 
A similar storage tank is filled with water containing either 
the alkali or preformed soap. Both the asphaltic bitumen 
and aqueous solution may then be pumped direct to the 
machine in the proportions required in the emulsion or 
fed to the machine from overhead tanks. The most con- 
venient arrangement is to employ synchronized pumps, 
adjusted to give the right proportions, which arc coupled 
to the motor which drives the colloid mill. The various 
types of homogenizer and colloid mill differ in details of 
construction, but, in general, all have one feature in com- 
mon. The materials to be emulsified are fed into a central 
space between the rotor and stator and are then forced 
to the circumference by the centrifugal force developed by 
the rotation of the rotor and finally passed through a small 
gap between the faces of the rotor and stator. Machines 
employed for the manufacture of bitumen emulsions on 
a commercial scale have rotors usually 12 to 14 in. 
diameter and are designed to operate at speeds up to 

10.000 r.p.m. Clearance between the rotor and stator 
is adjustable and in most machines varies from two 
thousandths of an inch upwards. The throughput varies 
naturally with the type of machine, but figures of 1,(XX) to 
2, OCX) gal. of emulsion per hour are quite common. Some 
of the more important machines used for this work are 
the following: the ‘Premier’ Colloid Mill; the ‘Hurrcll’ 
Homogenizer; and the Hatt-Dussek Homogenizer [5]. 

In the manufacture of emulsions by Paddle Mixer 
processes a number of modifications of the method of 
procedure are used, and there is probably a greater variation 
in the type of plant employed than is the case where colloid 
mills are employed. Essentially, however, the plant con- 
sists of a vertical cylindrical tank furnished with a pro- 
peller which rotates normally at low speeds, although the 
actual speeds employed may vary from 50 r.p.m. to 

1.000 r.p.m. 

Emulsification may be effected cither by measuring the 
quantity of bitumen into the tank and then gradually 
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adding the requisite quantity of aqueous phase, or the 
bitumen may be added to the aqueous phase contained 
in the mixer. Batch mixing may be made to operate 
practically continuously by the installation of suitable 
equipment. In such a plant the bitumen may be contained 
in an overhead tank, steam heated, and maintained at the 
desired temperature, and so arranged, by means of a float 
control, that an exact quantity of bitumen from this tank 
can be discharged mechanically into the mixing tank. The 
aqueous solution containing the soap is made up in large 
quantities, and fed to a similar tank with mechanical 
control for the discharge of the aqueous solution into the 
mixer, at a predetermined rate during the process of 
emulsification. 

In both types of plant the whole operation can be 
mechanically controlled and manual operation is very 
largely eliminated. It will be seen that in the case of 
emulsions formed by the use of soap the following 
alternatives are possible. The fatty acid or its equivalent 
may be added to the bitumen; the alkali may be added 
to the water; or soap may be added to the water; or again, 
part of the organic acid may be added to the bitumen 
and the aqueous solution may contain part of the soap 
required in the finished emulsion as well as the alkali. 
Variation of these details of operation may produce con- 
siderable variations in the quality of the emulsion pro- 
duced, and, on the whole, the batch process may probably 
be used to vary the type of emulsion produced more easily 
than the colloid mill. A further point of interest is that in 
the colloid mill the time during which the bitumen and 
aqueous solution are in contact is relatively small, so that 
in some instances the batch mixer may produce emulsions 
of finer dispersion than are obtained with the same 
ingredients in the colloid mill. 

In general, however, where the bitumen available is of 
satisfactory character, the colloid mill is the easier to 
operate and can be made to produce satisfactory emulsions 
of uniform quality with relatively little control. 

Properties and Manufacture of Bitumens 

The type of crude petroleum which can be used in the 
manufacture of asphaltic bitumen for road purposes is 
distinctly limited, and in general can be said to be limited 
to a relatively small number of fields. 

In considering asphaltic bitumen from the point of view 
of the manufacturer of emulsions two special factors have 
to be taken into account, namely, the ease of emulsification 
and the production of emulsions of satisfactory storage 
stability. Whilst a considerable amount of attention has 
been devoted in the course of the last few years to the 
essential qualities of the bitumen necessary to enable 
emulsification to be readily effected, fundamental know- 
ledge on this subject is limited. Bitumens from certain 
crude oils emulsify readily, whereas with bitumens from 
other fields in the same neighbourhood it is a matter of 
some difficulty to obtain satisfactory emulsions. Apart, 
however, from the crude oil used in the manufacture of 
bitumens, a matter of great importance is the careful 
control of the conditions of manufacture of the bitumen. 

In the more modern type of plant, pipe stills and one or 
more flash towers are used for the manufacture of asphaltic 
bitumen instead of the older type of batch still, and the 
main advantage of the flash method is that the bitumen in 
process of manufacture is exposed to high temperatures 
for a short time and thus decomposition of the asphalt 
which might affect its emulsifying qualities is avoided. 

IV 


Properties of Asphaltic Bitumen Emulsions and their 
Relation to Practice. 

The essential properties of bituminous emulsions from 
the point of view of their behaviour when used for surface 
dressing or grouting have been found to correlate with 
the following six tests which have been adopted (British 
Standard Specification no. 434, 1935). 

1. Water Content. This is determined by distillation 
with a suitable solvent in a modification of the Dean and 
Stark apparatus. 

2. Residue on Sieving. A test for the presence of large 
particles in the bituminous emulsions, which is of im- 
portance in so far as their suitability for spraying is con- 
cerned. A definite quantity of emulsion is passed through 
a fine mesh sieve, B.S. mesh 100, and the amount of 
material left on the sieve determined. This particular test 
is of importance mainly where machines are used for the 
spraying of the emulsion in which the emulsion has to pass 
through a series of fine holes, which would be blocked up if 
any considerable proportion of large particles were present. 

3. Test for Storage Stability. One of the most important 
properties of the bituminous emulsions is their stability 
on storage. Reference should be made to the confusion 
which has arisen in time past between stability on storage 
and stability on the road or breakdown, and it was there- 
fore recommended by the Technical Committee of the 
Road Emulsion and Cold Bituminous Roads Association, 
which has been responsible for much research work 
into the properties of bituminous emulsions, that the word 
‘Lability’ be used as a method of distinguishing the latter 
property. Thus stability on storage indicates the behaviour 
of emulsions in so far as settling is concerned, i.e. the 
resistance to separation of the emulsion to its constituent 
parts over varying periods of time, whereas lability is 
concerned with the rate of breaking of emulsion on the 
road. No satisfactory test has yet been standardized which 
enables the stability of the emulsion in storage over a 
period of 3 months or so to be reproduced by means 
of laboratory apparatus in the course of a few hours or 
a few days. A method has, however, been adopted in the 
B.S. Specification 434, 1935, which effects a classification 
of emulsions by means of a short-period stability test 
(Coagulation of Binder) in which a sample of previously 
sieved emulsion is placed in a 100-ml. stoppered glass 
cylinder for 7 days. The emulsion is then examined by 
passing again through a sieve in order to determine the 
proportion of the binder which has coagulated. For the 
determination of stability of emulsions on storage over 
a long period (Stability in Bulk) the only satisfactory 
method is to store a barrel of the emulsion of 30-40 gal. 
capacity over a period of 3 months, and then determine 
the percentage of water present in a sample of the sieved 
emulsion. The increase in water content after storage 
enables the proportion of bitumen which has been 
coagulated on storage to be determined. 

4. Behaviour in Cold Weather. Owing to the content of 
water in asphaltic bitumen emulsions it will be appreciated 
that solidification occurs when emulsions are cooled to 
temperatures of much below 0° C. Emulsions can be pre- 
pared by the use of special emulsifiers which will withstand 
relatively low temperatures, but in general such emulsifiers 
decrease the lability or rate of ‘break’ of the emulsion to 
such an extent that sufficiently rapid breakdown may not 
take place on the road. In the test adopted the bituminous 
emulsion is exposed to a temperature of —3 to — 4"^ C. 
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under carefully regulated conditions for 30 min. and the 
coagulated bitumen determined by sieving after the 
emulsion has warmed to room temperature. (Test for 
coagulation of emulsions at low temperatures.) 

5. Viscosity. A very important property of emulsions 
is that of viscosity, since, as already mentioned, it is 
primarily on account of low viscosity of these materials 
that they have been developed in competition with other 
materials which require heating prior to use. The viscosity 
of the emulsion must be controlled within fairly narrow 
limits, since the viscosity must not be so high that it cannot 
be sprayed or applied satisfactorily. Hence the upper 
limit of the viscosity will depend, to some extent, on the 
type of machine and pressures employed for application 
of the emulsion to the road surface. On the other hand, 
if the emulsion is too fluid, it may run off the road surface 
before sufficient time has elapsed for the emulsion to 
break. For surface dressing higher viscosity emulsions can 
be used than for grouting purposes, for which it is essential 
that the emulsion should penetrate easily into the com- 
pacted road material. 

The instrument which has been adopted by the British 
Standard specification for determination of the viscosity 
of emulsions is the Engler viscometer, as this instrument 
has been found to be more suitable than either the Redwood 
or Saybolt. 

6. Lability, or Breakdown, of Emulsions on the Road. 

A considerable amount of work during the last few years 
has been directed towards investigations on the mechanism 
of breaking of emulsions on the road, and a number of 
methods of test developed. The four factors which may 
contribute to the breakdown of emulsions are: 

(a) Evaporation of the water present in the emulsion 
with the result that a certain point is reached where 
the bitumen particles coalesce and the emulsion is 
broken. 

(3) Chemical reaction between the emulsifier and soluble 
salts assumed to be present in the aggregate. 

(c) Adsorption of emulsifier on the stone or road surface. 

(c/) Loss of water by capillary forces. 

In the British Standard specification for Surface Dressing 
and Penetration Emulsions, British Standard Specification 
no. 434 (1935), the Lability Test has been adopted for 
determining the rate of break of emulsions, and this test 
is based on the assumption that with these types of emulsion 
evaporation of the water present in the emulsion, combined 
with the mechanical action of the roller on the emulsion, 
are primary factors in the irreversible breaking of the 
emulsion. In this test 1 g. of the emulsion is placed in 
a porcelain crucible and concentrated under a gentle 
current of air at a temperature of 18-20° C., the emulsion 
being stirred during this concentration by means of a 
small glass rod. The coagulation point is determined 
by removing a drop of the emulsion from the crucible to 
a glass plate from time to time and mixing the emulsion 
with a drop of water. When the emulsion is broken, 
a substantial portion of the coagulated binder will be visible 
on the plate or glass rod. This test requires careful mani- 
pulation to ensure satisfactory results, and full details are 
given in the British Standard Specification no. 434 referred 
to above. 

The water content of the residual material is determined 
and unstable emulsions, suitable for surface dressing and 
grouting, should give 13*25% water content. 

The above series of tests was considered at the Munich 
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Meeting of the International Association of Road Con- 
gresses in September 1934, and referred to a Committee for 
adoption. The report of this Committee is given in the 
Bulletin of Road Congresses for 1935, no. 102, p. 383. It 
was decided to adopt the tests 1-5 mentioned above, and 
the value of test no. 6 was agreed and also that the large 
number of concordant results justified the anticipation of 
its proving satisfactory, but a sub-committee was appointed 
to carry out further experiments and to submit final 
details of this test. 

The American Society for Testing Materials has adopted 
the following tests for emulsified asphalts [2, 1935]: 

(1) Viscosity, by determination of the Saybolt ‘Furol’ 
viscosity at 25° C. 

(2) Distillation test. 

(3) Water determination by the Dean and Stark method. 

(4) Five days’ settling test. 500 c.c. of emulsion are 
stored in glass cylinders for 5 days, and the asphalt 
content of the top and bottom samples determined. 

(5) Demulsibility by means of calcium chloride solution. 
The emulsion is treated with a 0 02% N. calcium 
chloride solution for mixing type emulsions, with 
continuous stirring at 25° C.ilz0-5° C. The emulsion 
is then sieved through a no. 14 U.S. standard sieve 
and washed. The weight of asphalt which has been 
coagulated is determined and expressed as ‘per- 
centage demulsibility’. 

(6) Sieve Test. The emulsion is passed through a no. 20 
U.S. standard sieve and washed with 2% sodium 
oleate solution. The weight of material retained 
on the sieve is determined after drying at 105° C. 
for 2 hr. 

(7) Miscibility with water. (This test is not applicable 
to the quick-setting type of emulsions.) 50 ml. of 
emulsion are gradually added to 150 ml. of distilled 
water, and after standing for 2 hr. any appreciable 
coagulation is noted. 

(8) Coating Test. Washed, dried, and graded stone 
(hard limestone, trap rock, or other type) is coated 
with emulsion and stored. A record is made whether 
appreciable coagulation has occurred of the asphalt 
from the water of the emulsion, and whether the 
stone is uniformly and thoroughly coated with the 
emulsion. 

(9) Freezing Test. The emulsion is cooled to 0° F. for 
12 consecutive hours and, after thawing and freezing 
for three periods of 12 hr., the emulsion is examined 
and reported as homogeneous or broken. 

Specifications for emulsified asphalt issued by the 
American Society for Testing Materials are D. 397-401 /34t, 
which describes Coarse Aggregate Mix, Heavy Premix — 
both Summer and Winter grade — and also quick-setting 
emulsions for penetration and surface treatment. 

The German specifications for bitumen and tar emul- 
sions, DIN. 1,995 (1934), p. 8, describe tests for emulsions 
as follows : uniformity, water content, ash content, storage 
stability, behaviour under frost, adhesivity, and rate of 
break, together with tests on the bitumen. 

Breaking of Emulsions on the Road 

During the last 4 or 5 years much research has been 
concentrated on the mechanism of the breaking of bitu- 
minous emulsions under similar conditions to those found 
in practice. The Lability Test, already described, has been 
found satisfactory to correlate with the behaviour on the 
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road in the case of surface-dressing emulsions, but in 
America the Myers test, using calcium chloride solution, 
has been adopted by the American Society for Testing 
Materials. A fairly complete summary of the work carried 
out in various countries will be found in the Proceedings 
of the World Petroleum Congress for 1933 (vol. ii, 
pp. 629-92), and in particular the work of Weber and 
Bechler is described in a paper by Weber, and the Myers 
Test in papers by Kirschbraun and McKesson. McKesson 
[12, 1931] developed a stone-coating test in 1928, in which 
clean gravel was immersed in asphalt emulsion and after 
drying for 30 min. the increased weight due to the asphalt 
deposited on the gravel was determined: this test was 
proposed as a measure of the rate of break of the emulsion. 
McKesson emphasized the importance of temperature, 
humidity, and the type of gravel employed, but no indica- 
tion is given of the wide variations which may occur with 
gravel of different origins. Weber and Bechler [17, 1932] 
used a similar test, but with much smaller quantities of 
emulsion and stone, and reached the conclusion that soap- 
stabilized emulsions break owing to adsorption by the 
stone of soap and free alkali: other emulsions are said to 
break down by evaporation of the water. Kell [10, 1933] 
showed that it was difficult to obtain concordant results 
with this method, and concluded that whilst this method 
is useful for research it is not entirely satisfactory for the 
evaluation of either the stone or the emulsion. Certain 
modifications of the method were suggested by Weber 
[16, 1933] who stated that the method is essentially practical 
rather than an exact analytical method. 

The factors governing the adhesion of bituminous binder 
to stone have been discussed in recent literature by Riedel 
and Weber [15, 1933] which has thrown some light on 
the breakdown of emulsions on stone: in general, basic 
aggregates give satisfactory adhesion, whereas with acidic 
aggregates, such as quartz, it is a matter of considerable 
difficulty to secure satisfactory adhesion of the bitumen to 
the stone. The Riedel test for determining the adhesivity 
of bitumen [14, 1934] to stone has been criticized on the 
ground of lack of correlation with road praetice [13, 1935], 
and somewhat similar criticisms have been made of the 
McKesson, of the Myers [11, 1933], and the lability [8, 
1935] tests for determining rate of break of emulsions. 

Blott and Osborn [3, 1934] point out that, as soon as 
the emulsion comes into contact with the stone, coagulation 
occurs due directly to the chemical action or adsorption, 
as pointed out by Weber and Bechler. The film of bitumen 
varies in thickness according to the type of stone or 
emulsion, but in any case is quite thin, since the mere 
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coating of the stone with bitumen must eliminate to a 
great extent any specific activity of the stone. Furthermore, 
the stone, although coated with bitumen, is separated by 
unbroken emulsion, and the further coagulation which is 
essential for the stone to be held in position on the road 
can then only occur as a result of concentration of the 
emulsion by evaporation and not by chemical action. For 
these reasons the essential basis of the lability test appears 
to be quite sound. 

Stable Emulsions 

Asphaltic bitumen emulsions for road-mix work or for 
admixture with earth must possess a greater stability to 
breakdown than emulsions for surface dressing or 
grouting. Such emulsions usually contain special emulsify- 
ing agents, although greater proportions of the usual 
emulsifying agents are also employed. With finer aggre- 
gates, or with aggregates containing a larger proportion of 
‘fines’, more stable emulsions are required than those used 
with coarser aggregates. The rate of break of such 
emulsions is relatively slow, and it is considered that for 
this purpose a method of test is necessary which depends 
on the admixture of the emulsion with a standard active 
material: with this type of emulsion evaporation is not 
the most important factor, and consequently the lability 
test, while satisfactory for emulsions for surface dressing 
and grouting, is not suitable for stable and semi-stable 
emulsions. The use of stable emulsions for admixture with 
fine aggregates or earth requires careful investigation of 
the most suitable conditions, and these vary with each 
different aggregate. 

Asphaltic bitumen emulsions have been employed for 
a wide variety of other uses than road purposes, especially 
in the direction of waterproofing. Such applications of 
emulsions are the manufacture of waterproof paper for 
use as packing material for cements or chemicals, or for 
the manufacture of corrugated cardboard [9, 1935]; other 
applications arc as binder — as, for example, for asbestos 
for soundproofing — or admixture with cement and sand 
as flooring material for buildings or tennis courts [7, 1933]. 

The British Standards Institution has issued specifica- 
tions for Single Coat and Two Coat Asphalt, Cold Process, 
which include specifications for emulsion. The tests 
prescribed for emulsion for this type of asphalt include 
a stability test based on admixture of the emulsion and 
stone, water content, initial sieve test, while the maximum 
proportion of emulsifying agent which may be used is 
specified [4, 1933]. 


REFERENCES 


1. Aladin. Tcchnisch verwendbare Emulsioucn (Berlin, 1928). See 
also Leemans, Chem, Weekblad, 26, 2 (1929), 1, and Van dfr 
Werth, Asphalt u. Teer, 36, 383 (1936). 

2. A.S.T.M. Specifications D. 397-401/34 T. Froc. A.S.T.M. 35,923 
(1935). 

3. Blott, J. F. T., and Osborn, A. Highways and Bridges, 1 (12), 
12-13 (1934). 

4. British Standard Specifications 510 and 511 (1933). 

5. See Clayton, W., The Theory of Emulsions, 325 scq., for descrip- 
tion of Colloid Mills. 

6. G.P. 40,020(1886). Deutsche Asphalt A.-G. 

7. Fain, J. M., and Hixson, A. W. Chem, Met. Eng. 40, 180 (1933). 

8. Geissler, D. W., and Kleinert, H. Asphalt u. Teer, 35, 1019 and 
1038(1935). 


9. Hoycr, F. Asphalt u. Teer, 35, 591, 613 (1935). 

10. Kell. Bitumen. 3, 11 (1933). 

11. Klinkmann, G. H. Asphalt u. Teer, 33, 842, 873, 893 (1933). 

12. McKesson, C. L. Proc. A.S.T.M. 31 (Part 2), 841 (1931). 

13. Nussell, H., and Neumann, H. Bitumen, 6, 125 (1935). 

14. Riedel, W. Asphalt u. Teer, 34, 209, 429, 487, 924, 941, 961, and 
979 (1934). 

15. Riedel, W., and Weber, H. Asphalt u. Teer, 33, 677, 693, 713, 
729, 749, 793, and 810 (1933). 

16. Weber, H. Asphalt u, Teer, 33, 520 (1933). 

17. Weber, H., and Bechler. Asphalt u. Teer, 32, 45, 69, 95, 109, 129, 
149, and 173 (1932). 


SELECTED BIBLIOGRAPHY 


Garner, Gabriel, and Prentice. Modern Road Emulsions. Wilkinson and Forty. Bituminous Emulsions for use in Road Works. 



NATIVE ASPHALTS AND BITUMENS 

By J. S. MILLER, Jr., A.LC.E. 

Chemical Engineer, Barber Asphalt Company 


Introduction 

The terms asphalt and bitumen are of ancient origin and 
have been applied interchangeably from the earliest times 
to several types of bituminous substances that were found 
in nature, and frequently applied to some useful purpose. 

Historical records of the occurrence and practical use of 
these substances extend back as far as 3000 to 2500 b.c., 
and archaeologists have identified some deposits, from the 
skeletons of animals excavated from them, as antedating 
the pleistocene or glacial period which terminated about 
25,000 years ago. 

That form of native bitumen which is distinctly recog- 


nized as petroleum (liquid bitumen) has been dealt with 
elsewhere in this publication, hence this section will be 
devoted to the consideration of only the more solid types, 
deposits of which are widely distributed geographically on 
or near the surface of the earth and are generally conceded 
to have been derived through natural causes from lighter 
hydrocarbons of various types. 

No attempt has been made here to record all of the 
known deposits of native asphalts and bitumens. Many 
have been described in detail elsewhere, and but relatively 
few of them are of commercial importance at this time. 
The ancients employed native asphalt and bitumen for such 
practical uses as mortar for joining masonry and brick ; as 
waterproof coatings for tunnels and aqueducts; as a cement 
in road-building; and asphalt from Persia, the Dead Sea, 
Greece, and Mesopotamia was then an article of commerce 
and sometimes one of the spoils of war. While asphalt is 
still produced from deposits in Albania and Persia, men- 
tioned by the ancients, the chief sources of supply of native 
asphalts and bitumens of commercial importance in most 
recent times are as follows: 


West Indies: Cuban .... 

. Discovered 1535 

Trinidad 

1595 

Europe: Val dc Travers, Switzerland 

1712 

Limmcr, Germany . 

1712 

Seyssel, France 

1797 

Ragusa, Italy 

„ Early Roman 
Empire 

N. America: Grahamite, U.S.A. . 

1863 

Gilsonite, „ 

1885 

Wurtzilite, „ 

1889 

S. America : Bermudez, Venezuela 

„ prior to 1883 


Various schemes have been proposed by different 
authorities for the classification of bituminous substances 
in order to show the relation of asphalts and bitumens to 
other members of this general group. One of the more 
recent and most acceptable of such schemes is that pro- 
posed by Abraham [2, 1929] and a grouping of the asphalts 
and bitumens covered in this section has been arranged as 
follows, according to this proposal. 


Classification of Native Bitumens 

1 . Petroleums — liquids — viscous liquids. 

2. Native asphalts — solid or semi-solid. 

A. Pure or nearly pure. 

Bermudez Lake asphalt. 

B. Associated with mineral matter. 

{a) Trinidad Lake asphalt. 

(b) Iraq, Boeton, and Selenitza. 

(c) Rock asphalts— European and American. 



Relative geographical location of Island of Trinidad, and Venezuela, South America, 

where Trinidad Asphalt Lake (Brighton) and Bermudez Asphalt Lake (Guanoco) respectively 
are situated. 
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3. Asphaltites — hard. 

A. Pure or nearly pure. 

(a) Gilsonite. 

(b) Grahamite. 

(c) Glance pitch — Manjak. 

Some bituminous substances of collateral interest but 
which are of a distinctly different character and cannot 
properly be included in the above classification are Elate- 
rite, Wurtzilite, Albertite, and Impsonite. These are 
asphaltic pyrobitumens of which Wurtzilite is of chief 
interest industrially as it depolymerizes upon heating, be- 
coming fusible and soluble, whereas it is originally quite 
the reverse. 

Bermudez Lake Asphalt 

The Bermudez Pitch Lake is situated about 11 miles 
above the confluence of the San Juan and Guanoco Rivers, 
25 miles west of the Gulf of Paria in the north-eastern part 
of Venezuela. It is near the town of Guanoco in the district 
of Venitez, State of Sucre. The lake is connected with the 
loading jetty at Guanoco by a narrow-gauge railroad ex- 
tending about 8 miles through a swamp. The so-called 
Pitch Lake is situated between the edge of the swamp and 
the foot-hill in what might be termed a savannah. It is an 
irregular-shaped surface of about 900 acres with a width 
about 1 J miles north and south and about 1 mile east and 
west, covered more or less with vegetation. The level of 
the surface of the lake does not vary more than 2 ft. and 
is largely the same as that of the surrounding swamps. In 
the rainy season it is mostly flooded and at all times is 
very wet. 

At different points there is a depth of about 7 ft. of 
asphalt, but the average depth of the lake is probably not 
more than 4 ft. Gas is given olT in considerable quantities 
and, although the asphalt is too soft to entangle and hold 
the gas permanently, some portions have a honeycombed 
structure. The surface of the lake is hard enough to walk 
upon and the asphalt is dug out by hand labour, moved 
to tide water by rail, and loaded in bulk into ocean-going 
ships at Guanoco. 

The deposit of Bermudez asphalt appears to owe its 
existence to an exudation of a large quantity of soft asphalt 
charged with gas, which has spread over a great area and 
hardened by spontaneous evaporation in the tropical sun. 
It varies in hardness and, while not an emulsion, the asphalt 
is wetted by surface water and mingled with small amounts 
of vegetable and mineral matter. 

The crude Bermudez Lake asphalt has the following 
average composition: 


As put in slack barrels, the average weight per package 
is 320 lb. gross and 300 lb. net. 

Steam-refined Bermudez Lake asphalt has been exa- 
mined by several investigators, and its chemical and physi- 
cal characteristics as reported in detail by Richardson and 
Abraham are as follows : 


Table I 

Refined Bermudez Asphalt [10] 


Test number 

44,412 

67,753 

Year 

1900 

1903 

Physical properties 



Specific gravity, 78° F./78° F., original 



substance, dry ..... 

1 0823 

1 0575 

Colour of powder or streak 

Black 

Black 

Lustre ...... 

Bright 

Bright 

Structure ...... 

Uniform 

Uniform 

Fracture ...... 

Semi-con- 

Semi-con- 


choidal 

choidal 

Hardness, original substance . 

Soft 

Soft 

Odour 

Asphaltic 

Asphaltic 

Softens ...... 

170° F. 

160° F. 

Flows 

180° F. 

170° F. 

Penetration at 78° F. 

22 

26 

Chemical properties 



Dry substance: 



Loss, 325° F., 7 hr 

3 0% 

44% 

Character of residue .... 

Smooth 

Smooth 

Loss, 400° F., 7 hr. (fresh sample) 

8-2% 

9-5% 

Character of residue .... 

Wrinkled 

Shrunken 

Bitumen soluble in CSa, air temperature . 

950% 

960% 

Inorganic or mineral matter . 

2*5% 

2*0% 

Dilference 

2-5% 

20% 


100 0% 

100 0% 

Malthenes : 



Bitumen soluble in 88° naphtha, air tem- 



perature 

62-2% 

691% 

This is per cent, of total bitumen . 

Per cent, of soluble bitumen removed by 

65-4 

71-9 

sulphuric acid ..... 
Per cent, of total bitumen as saturated 

624 

674 

hydrocarbons ..... 

244 

234 

Bitumen soluble in 62° naphtha 

69-2% 

75-9% 

This is per cent, of total bitumen . 

72-8 

790 

Carbenes : 



Per cent, bitumen insoluble in carbon 



tetrachloride, air temperature 

01 

M 


Bitumen yields on ignition: 

Fixed carbon ..... 13-4% 14-0 

Sulphur 40% 


Table II 

Refined Bermudez Lake Asphalt [1] 


Water and gas volatilized at 100'’ C. 30 00 

Soluble in carbon disulphide 64-39 

Mineral matter on ignition .... 2 08 

Non-mineral matter insoluble . 3-53 

100 00 

Weight per cubic foot, average 65 lb. 


Crude Bermudez Lake asphalt is transported in bulk to 
the United States in cargo vessels built or selected especially 
for this trade on account of the difficulties in navigating 
the shallow and narrow water ways leading to the shipping- 
point at Guanoco. 

This crude asphalt is soft enough to be dug from the 
holds of vessels or from storage with specially constructed 
clam-shell buckets. It is steam-refined in the open kettles 
and by the same method of treatment as described later 
under steam-refined Trinidad Lake asphalt. 


Fracture . . . . . 

Lustre . . . . . 

Streak . . . . . 

Specific gravity at IT* F. 

Hardness on Moh’s scale . 
Penetration at 115° F. 

„ IT F. . 

32° F. . 
Consistency at 115° F. 

„ 77° F. 

.. 32° F. 

Susceptibility factor . 

Ductility at 115° F. . 

„ 77° F. . 

„ 32° F. 

Tensile strength at 115° F. . 

.. 77° F. . 

32° F. . 

Fusing-point (K. and S. method) 
„ (R. and B. method) 


Conchoidal 
Very bright 
Black 
1 06-1 085 
Less than 1 
60 

20-30 

3 

7-7 

22-7 

93-8 

62-5 

14-5 

11 

0 

0-60 

3-45 

10-5 

130-140° F. 
145-160° F. 
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Table II (cont.) 


VolaUle matter, 325° F., 5 hr 3 0-6 0;i 

„ „ 500° F., 5 hr 8 0-10 0% 

Fixed carbon ....... 12-9-14’0% 

Solubility in carbon disulphide .... 92-97% 

Non-mineral matter insoluble .... l-5-4 0% 

Free mineral matter l*5-6'5% 

Carbenes ........ 0 0-10% 

Solubility in 88® petroleum naphtha . . . 60-75% 

Carbon ........ 82-88% 

Hydrogen 10-79% 

Sulphur 5-87% 

Nitrogen 0-75 % 

Total 100-29% 

Solid paraffines ....... 0-0% 

Saturated hydrocarbons 23-25% 

Saponification value ...... 28-0% 

Free asphaltous acids 3-5% 

Asphaltenes ....... 35-3% 

Asphaltous anhydrides ..... 2-0% 

Asphaltic resins ...... 14-4% 

Oily constituents ...... 39-6% 


A recent analysis of Refined Bermudez Lake asphalt is 
recorded in Table III: 

Table III 

Refined Bermudez Lake Asphalt 

Test number 74,619 

Year 1931 

Specific gravity at 60® F. (15-5° C.) . . 1-0757 

Colour of powder or streak .... Black 

Lustre Bright 

Structure Uniform 

Fracture Semi-conchoidal 

Hardness Soft 

Odour Asphaltic 

Softening point (Ring and Ball method) . 139° F. (59-5° C.) 

Consistency : 

Penetration at 32° F. (0° C.), 200 g., 60 sec. 

„ 32° F. (0° C.), 100 g., 5 sec. 

„ 77° F. (25° C.), 100 g., 5 sec. 

„ 100° F. (38° C), 100 g., 5 sec 

115°F. (46°C), 50g.. 5sec. 

Ductility at 77° F. (25° C.), 5 cm. per min. . 40 cm. 

Flash-point (Cleveland open cup) . . . 375° F. (190-5° C.) 

Bitumen (soluble in CS,) .... 95-5 % 

Mineral matter 2-3 % 

Difference 3-2% 

Per cent, bitumen soluble in CCI4 . 100% 

„ „ 86° naphtha . 73-1 % 

M »» .» ethyl ether. . 81-9% 

Fixed carbon (ash-free) . . . .13-2% 

Paraffin scale (Holde method) . trace 

Sulphur 4-0 % 

LossSOg., 5hr., 325°F. (163°C.) . .1-3% 

Residue: penetration at 77° F. (25° C.), 100 g., 

5 sec 16 

Residue: ductility at 77° F. (25° C.), 5 cm. 
per min 15 cm. 

Viscosity furol at 300° F. (149° C.) 220 sec. 

„ „ 350° F. (176-5° C) . . 60 „ 

„ „ 400° F. (204-5° C.) . . 27 „ 

As is noted in Tables I, II, and III, the refined asphalt 
is fairly hard (penetration of about 20) and is soluble to 
the extent of alwut 95 % in carbon disulphide. It is miscible 
with petroleum residue in all proportions and is usually 
softened to the degree desired for paving and other pur- 
poses by blending it at a temperature '^f iibout 300° F. with 


liquid petroleum residuum. Such blended products are 
known as asphalt cements, Bermudez Lake asphalt ce- 
ments, or fluxed Native Asphalts. Typical analyses, taken 
from data recently acquired, are given in Table IV : 

Table IV 

Bermudez iMke Asphalt Cements 

(The liquid petroleum flux used was produced from an asphaltic base crude.) 

j 25 pen. \ 50 pen. SO pen. 

Specific gravity at 60“ F, (15-5° C.) . j 1-074 1 1-064 1-056 

Softening-point (Ring and Ball) . j 138° F. 126° F. 117“ F. 

1 (59° C.) ; (52° C.) (47° C.) 

Penetration at 32“ F. (0° C.), 200 g., j i 

60 sec I 6 12 19 

Penetration at 32° F. (0° C.), 100 g., i 

5 sec 1 2-5 I 3-5 5-5 

Penetration at 77° F. (25° C.), 100 g., i i 

5 sec : 25 I 50 80 

Penetration at 100° F. (38° C.), 100 g., I 

5 sec 1 110 I 197 Too soft 

Penetration at 115° F. (46° C.), 50 g., ! ' 

5 sec. * j 146 262 Too soft 

Ductility at 77° F. (25° C.), 5 cm. pci i ' | 

min. pull . . . . . j 43 cm. j 66 cm. | 73 cm. 

Flash-point (Cleveland open cup) . i 375° F. j 380° F. ! 390“ F. 

I (190-5° C.) ! (193-5° C.) i (199“ C.) 
Fire-point (Cleveland open cup) . 430° F. I 440° F. 455° F. 

I (221° C.) I (226-5° C.) (235° C.) 

Flash-point (Pensky Martin closed ! 310° F. j 315° F. 325° F. 

cup) 1 (154-5° C.) I (157° C.) (163° C.) 

Bitumen soluble in eSa . . . i 96-1% j 96-7% 97-0% 

Mineral matter . 2-3% 1*8% I 1-6% 

Difference 1-6% ! 1-5% I 1-4% 

Per cent, bitumen soluble in CCh . 99-8 j 99-8 i 99-9 

Per cent, bitumen soluble in 86° i i j 

naphtha i 73-5 75-5 j 77-0 

Per cent, bitumen soluble in ethyl | 

ether 82-2 83-5 84-2 

Fixed carbon (ash-free) . .13-0% 12-3% i 11-8% 

Paraffin scale (Holde method) . 1 0-15“% 0-21% ! 0-25% 

Sulphur 4-0“% 1 3-75% ' 3-60% 

Loss50g., 5hr., 325°F. (163“C.) . 1-22% 1*15% | 1-12% 

Residue: penetration at 77° F. j I 

(25“ C.), 100 g., 5 sec. . . ; 19 38 j 60 

Furol viscosity at 300° F. (149° C.) . ! 195 sec. 135 sec. i 98 sec. 

Furol viscosity at 350° F. (176-5° C.) i 56 sec. 42 sec. [ 32 sec. 

Furol viscosity at 400“ F. (204-5° C.) I 26 sec. 22 sec. j 17 sec. 


Bermudez Lake Asphalt — Uses. 

The Bermudez Lake asphalt of commerce has been used 
principally in the construction of asphalt streets and roads, 
and for waterproofing, and has been exploited for such use 
since 1891. 

All types of hot mixed asphalt pavements, sheet asphalt 
and asphaltic concrete, as well as surface coating and 
penetration macadam, have been constructed with this 
asphalt. It has also been used extensively in the manu- 
facture of emulsified asphalt and cut-back asphalt for 
roads; in roofing, and in waterproofing. 

Trinidad Lake Asphalt 

One of the largest deposits of native asphalt in the world 
occurs on the Island of Trinidad, B.W.I., off the north-east 
coast of South America, situated a short distance from 
Venezuela, and separated from the mainland by the Gulf 
of Paria. There are a number of deposits of asphalt 
scattered over the island, but the one of chief commercial 
importance is the so-called Pitch Lake in the county of 
St. Patrick on the western shore about 28 miles, airline, 
from Port of Spain, the seat of the colonial government 
and port of entrance of Trinidad. 


4 

2 

20 

92 

122 





Pieces of freshly dug crude I rinidad asphalt show ing 
typical gas pockets 




Digging crude asphalt from the Bermudez Lake deposit, Venezuela. 
At times asphalt is below' water as shown in this picture 


Typical quarry scene, Kentucky, U.S.A. rock asphalt. Notice 
depth of overburden and ledge of uncovered rock asphalt. Courtesy 
<fj the Kentucky Rock Asphalt Company, Inc., Louisville, Ken- 
tucky, USA. 



Gigantic primary crusher, 60 x48 inches. Courtesy of the Kentucky 
Rock Asphalt Company, Inc., Louisville, Kentucky, U.S.A. 
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The pitch lake was discovered by Sir Walter Raleigh in 
1595. It covers an area of about 100 acres, situated on the 
highest part of La Brea Point 115 ft. above sea-level, and 
lies in the crater of an extinct mud volcano. Borings made 
in 1925 at the centre of the lake disclosed a depth of 285 ft. 
of asphalt of uniform composition. The material forming 
this deposit is an emulsion of water and bitumen with a 
suspension of impalpably fine clay and a comparatively 
small quantity of silica. 

The entire mass of asphalt is in slow but constant motion 
from the centre towards the edges accompanied by the 
evolution of gas: largely hydrogen sulphide and carbon 
dioxide. It is hard enough to be dug out with picks (mat- 
tocks) and to support the tracks of the industrial railroad 
laid upon its surface, used to transport the asphalt to a 
refinery situated on solid ground at the edge of the lake. 

The occurrence of Trinidad Lake asphalt is thought to 
be due to the escape of hydrocarbons in past ages from 
underlying sands into the crater of a mud volcano or geyser 
where it mingled under gas pressure with a paste of im- 
palpably fine clay and silica, and was churned into an 
emulsion. The originally soft material has been converted 
into hard asphalt probably by the catalytic action of the 
colloidal clay over a long period of time. The constant 
movement of the lake has resulted in the maintenance of 
an unusually uniform mass of asphalt throughout its entire 
depth. 

Richardson [10, 1908] found that specimens collected at 
intervals of 100 ft. and a depth of I ft. at these intervals 
over the surface of the deposit and in addition at every 
foot to a depth of 135 ft. at the centre all had the same 
composition. The water present is as constant in amount 
as the other constituents. 

The crude Trinidad Lake asphalt has the following 


average composition : 

% 

Water and gas volatilized at 100'’ C, . 29 00 

Soluble in carbon disulphide . 39-30 

Mineral matter on ignition .... 27-20 

Water of hydration and adsorbed bitumen . 4-50 


100-00 

Weight per cubic foot, average 75 lb. 


Table V 


Refined Trinidad Lake Asphalt [10] 


Physical properties 

Specific gravity 78® F.llS'' original substance, 
dry ........ 

Colour of powder 

Lustre ....... 

Structure .... . . 

Fracture ....... 

Hardness, original substance .... 

Odour ....... 

Softens* ....... 

Flows* ....... 

Penetration at 78® F. . . . . . 


1-40 

Blue-black 

Dull 

Homogeneous 

Semi-conchoidal 

2 

Asphaltic 
180® F. 

190® F. 

7 


Chemical characteristics 

Dry substance: 

Loss, 325® F., 7 hr M% 

Character of residue ..... Smooth 
Loss, 400® F., 7 hr. (fresh sample) . . 4-0% 

Character of residue ..... Blistered 

Bitumen soluble in CSo, air temperature . . 56-53 % 

Inorganic or mineral matter .... 36-50% 

DilTerencc undetermined .... 6-97% 

10 0-00% 

Malthenes : 

Bitumen soluble in 88® naphtha, air temperature 35-6 % 
This is per cent, of total bitumen . . .63-1 

Per cent, of soluble bitumen removed by HaS 04 61*3 
Per cent, of total bitumen as saturated hydro- 
carbons ....... 24-4 

Bitumen soluble in 62® naphtha . . . 41-7% 

This is per cent, of total bitumen . . . 73-9 

Carbones : 

Bitumen more soluble in carbon tetrachloride, 
air temperature, than in eSa . . L3 

Bitumen yield on ignition : 

Fixed carbon ...... 10-8 % 

Sulphur 6-2 % 

Ultimate composition: 

Carbon ....... 82-33% 

Hydrogen 10-69% 

Sulphur 6-16% 

Nitrogen 0-81% 

100-00% 


Crude Trinidad Lake asphalt is transported in bulk in 
the holds of steamers which for this particular trade carry 
cargoes of from 5,000 to 6,000 tons. The asphalt flows 
together again in transit, and to unload the vessel it is dug 
out, as at the deposit. 

The refined asphalt is prepared in a refinery by placing 
the crude asphalt in large, open kettles containing pipe 
coils and heating it with steam until the water is evaporated. 
These kettles hold about 75 tons each of asphalt, and heat 
is applied by means of steam at 150 lb. pressure circulated 
through the pipe coils and by live steam which is used for 
agitation after the temperature of the mass is above 200° F. 
The dried asphalt is then strained into barrels or other 
containers and is the steam-refined Trinidad Lake asphalt 
of commerce known as Trinidad Epure or Trinidad Refined 
Asphalt. As put up in slack barrels, the average weight 
per package is 515 lb. gross and 490 lb. net. 

The characteristics of steam-refined Trinidad Lake as- 
phalt have not changed appreciably over the long period 
of years that this material has been produced. It has been 
examined and commented upon by many investigators, and 
its chemical and physical characteristics have been reported 
in considerable detail by Richardson and Abraham as 
follows: 


* These values were obtained with the ‘over mercury* method 
described on page 2723. 


Table VI 

Trinidad Lake Asphalt [1] 


Colour in mass 
Fracture 
Lustre 
Streak 

Specific gravity at 77° F. 
Hardness, Moh’s scale . 
Penetration at 115® F. . 

77® F. . 

„ 32® F. . 

Consistency at 1 15® F. . 

„ 77® F. . 

32® F. . 

Susceptibility factor 
Ductility (Dow method) : 
At 115® F.. 

At 77® F. . 

At32®F. . 

Ductility (Miller method) : 
At 115® F.. 

At77®F. . 

At32®F. . 


Black 

Conchoidal 

Dull 

Black 

1-40-1*42 

1-2 

10-15 

1*5-40 

0-25-0*75 

32-7 

74-9 

Above 100 
Greater than 80 


8-0 

1-8 

0-1 


1-5 

1-0 

0*0 
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Table VI (conf.) 


Tensile strength (Miller method): 

At 115" F 

At 77" F 

At 32" F 

Fusing-point (K. and S. method) 

„ (R. and B. method) 

„ , pure asphalt extracted from mineral 

matter (K. and S. method) .... 
Fusing-point, ditto (R. and B. method) 

Volatile at 325" F., in 5 hr 

„ 409" F., in 5 hr 

Fixed carbon 

Soluble in carbon disulphide .... 

Asphalt retained by mineral matter 
Mineral matter on ignition with tri-calcium 
phosphate ...... 

Water of hydration (clay and silicates) 

Carbenes ....... 

Soluble in 88° petroleum naphtha (pure asphalt) 
Carbon (ash-free) ...... 

Hydrogen (ash-free basis) .... 

Sulphur (ash-free basis) 

Nitrogen (ash-free basis) .... 

Solid paraffins ...... 

Saturated hydrocarbons .... 

Saponification value ..... 

Free asphaltous acids ..... 

Asphaltous acid anhydrides .... 

Asphaltenes ....... 

Asphaltic resins ...... 

Oily constituents 


415 
210 
270 
188° F. 

206° F. 

131-5° F. 
149° F. 
M>l-7% 
40-5-25% 
10 - 8 - 120 % 
56-37% 
0-3% 

38-5% 

4*2% 

00-1-3% 

62-64% 

80-82% 

10 - 11 % 

6 - 8 % 

0 - 6 - 0 - 8 % 

00 % 

24-4% 

40-0% 

6-4% 

3-9% 

37-0% 

23-0% 

310% 


Table VII also records a typical and recent (1930) 
analysis of Refined Trinidad Asphalt: 


Table VII 


Refined Trinidad Lake Asphalt 


Specific gravity at 60° F. 

Colour of powder or streak 

Lustre 

Structure 

Fracture 


1-407 

Blue-black 

Dull 

Uniform 

Semi-conchoidal 


Hardness ..... 
Odour ..... 
Softening point (R. and B. method) 


2 

Asphaltic 
210" F. (99° C.) 


Consistency : 

Penetration at 32" F. (0° C.), 200 g., 60 sec. 

„ 32" F. (0" C.), 100 g., 5 sec. 

77" F. (25" C.), 100 g., 5 sec. 

„ 100"F. (38°C.), 100 g., 5 sec. 

115°F. (46"C.), 50g., 5sec. 
Ductility at 77" F. (25° C.), 5 cm. per min. 


0 

0 

2-0 

7-5 

10-0 

too hard 


Flash (Cleveland op>en cup) 
Bitumen (soluble in CSj) 
Mineral matter . 
Difference . 


490" F. (254-5° C.) 
56-0% 

36-0% 

80% 


Per cent, of bitumen soluble in CCI4 100-0 

„ „ 86" naphtha 64-0 

„ „ „ ethyl ether 80-0 

Fixed carbon (ash-free) 1 1 0 % 


Paraffin scale (Holde method) None 

Sulphur 3-3% 

„ (on bitumen) 5-89% 

Loss 50 g., 5 hr., at 325" F. (163° C.) 0-5% 

Residue; penetration at 77° F. (25° C.), 100 g.. 


Residue: ductility at 77° F. (25° C.) . Too hard 


Fluxing of Trinidad Native Lake Asphalt. 

The refined asphalt is too hard for many industrial 
applications. The most common type of softening medium 
is a liquid petroleum residuum of proper flash and fluidity. 


generally referred to as a flux. When the refined asphalt 
is softened by blending with such a flux the product is 
known as an asphalt cement, Trinidad Lake Asphalt 
Cement, or as a fluxed native asphalt. Typical analyses of 
several different consistency asphalt cements are given in 
Table VIII: 

Table VIII 

Trinidad Lake Asphalt Cements 

(The liquid petroleum flux used was produced from an asphaltic base crude.) 


Specific gravity at 60" F. (15-5° C.) . 

Softening-point (Ring and Ball) 

Penetration at 32° F. (0° C.), 200 g., 
60 sec. ..... 

Penetration at 32° F. (0° C.), 100 g.. 
5 sec. 

Penetration at 77° F. (25° C.), 100 g., 
5 sec. ..... 

Penetration at 100° F. (38° C.), 100 g., 
5 see. ..... 

Penetration at 115° F. (46° C.), 50 g., 
5 sec. ..... 

Ductility at 77° F. (25° C.), 5 cm. per 
min. pull ..... 

Flash-point (Cleveland open cup) 

Fire-point „ „ 

Flash-point (Pensky Martin closed 
cup) 

Bitumen (soluble in CS.) 

Mineral matter .... 

Difference 

Per cent, of bitumen soluble in CCl* 

Per cent, of bitumen soluble in 86° 
naphtha . . . . . 

Per cent, of bitumen soluble in ethyl 
ether 

Fixed carbon (ash-free) . 

Paraffin scale (Holde method) 

Sulphur . . . . . 

Loss50g., 5hr., 325°F. (I63°C.) . 
Residue: penetration at 77" F. 
(25° C.), 100 g., 5 sec. 

Furol viscosity at 300° F. (149° C.) . 

.. „ 350" F. (176-5° C.) 

.. 400° F. (204-5° C.) 


25 pen. 

50 pen. 

80 pen. 

1-274 

140° F. 
(60° C.) 

1-232 

129° F. 
(54° C.) 

1-198 

118° F. 
(48° C.) 

8 

13 

19 

3 

4 

6 

25 

50 

80 

88 

170 

Too soft 

130 

248 

Too soft 

32 cm. 

68 cm. 

97 4- cm. 

440° F. 
(226-5° C.) 
480° F. 
(219° C.) 
410° F. 
(210' C.) 

410° F. 
(210° C.) 
460° F. 
(238° C.) 
390° F. 
(199° C.) 

400° F. 
(204-5° C.) 

440° F. 
(226-5° C.) 

380° F. 
(193-5° C.) 

67-3% 

27-1% 

5-6% 

72-4% 

22-8% 

4-8% 

75-8% 

19-9% 

4-3% 

99-8 

99-9 

99-9 

71-0 

73-9 

74»6 

84-1 

84-8 

85-7 

n-7% 

0-2% 

3-43% 

11-0% 

0-3% 

3-35% 

10-5% 

0-35% 

3-30% 

0-34% 

0-38% 

0-43% 

21 

42 

67 


240 sec. 

87 sec. 

42 sec. 



Liquid petroleum fluxes derived from various kinds of 
crude petroleums and possessing different viscosities soften 
Trinidad Native Lake Asphalt to varying degrees. Figs. 1, 
2, and 3 show the effect of three different petroleum 
fluxes on the consistency of Trinidad asphalt (as expressed 
by the penetration at IT F. (25" C.) 100 g., 5 sec.). It 
will be noted that the most fluid flux gives the softest 
asphalt cement for any particular proportion of Trinidad 
and flux. 


Mixtures of Trinidad Asphalt with Tar. 

The hydrexarbons composing Trinidad Lake asphalt 
seem to be peculiarly adapted for blending with coal tar. 
Greater proportions of Trinidad than of other asphalts are 
miscible with tar, thereby providing greater stabilization of 
the tar, both from the standpoint of its susceptibility to 
temperature and its volatility. Further, by the addition 
of even small quantities of Trinidad Lake asphalt the con- 
sistency of a tar is markedly increased. Wichert [16, 1929] 
has published the results of an interesting investigation of 
the combination of various asphalts and tars. He found 
that, as is generally known, asphalts and tars are limited 
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with respect to miscibility but that Trinidad asphalt can 
be used in greater proportions, thus providing greater 
flexibility in this very important field. The viscosity of a 
particular tar was increased 4i-fold by the addition of 15% 
of Trinidad asphalt. Wichert gives several photomicro- 
graphs of mixtures of Trinidad asphalt-tar and oil asphalt- 
tar which indicate that the former are more homogeneous 
than the latter. 


The Mineral Matter in Trinidad Native Lake Asphalt. 

The mineral matter in Trinidad Native Lake asphalt is 
chiefly clay and fine silica sand, but many rather rare 
minerals arc also present, and the presence of these has 
been used by Wilson [17, 1934] to identify the presence of 
Trinidad Epurc. The heavy minerals which he separates 
from the mineral aggregate by means of bromoform are 
titanite, zircon, rutile, and glaucophane. The latter is a 
rather rare mineral. 

Years ago (1908) Clifford Richardson [10] reported the 
particle-size distribution of the mineral matter extracted 
from Trinidad Native Lake asphalt. He used screens for 
the coarser material and water elutriation for the finer. 
The Limmer and Trinidad Lake Asphalt Company Ltd. in 
their annual report for 1934 give results on particle-size 
distribution obtained by means of a photo-electric turbidi- 
meter. Careful measurements have also been made in the 
research laboratory of the Barber Asphalt Company. 
Separation of the unignited mineral matter into several size 
fractions followed by microscopic count and measurement 
of the thoroughly dispersed powder gave the data listed in 
Table IX. Richardson's and the Limmer and Trinidad’s 
data are given for comparison. The results of Limmer and 
Trinidad and of the Barber Asphalt Company are in excel- 
lent accord. The fact that Richardson used the elutriation- 
in-water method no doubt accounts for his results being 
so divergent, especially for the smaller sizes. 


Table IX 

Farticle-size Distribution in Mineral Matter from 
Trinidad Native Lake Asphalt 



Weight. % 



Limmer and 


Richardson 

Trinidad 

Barber asphalt 

\ 


5-3 



6-4 

14-28 \ 

44-1 

6-6 

6-7 

1 


5-9 

) 


9-2 

41-94 

6-2 

5-3 


20-9 


5-6 >1 




4-7 1 
4-3 1 


18-6 

11-76 

1-8 J 




1-9'^ 




4-2 1 




2-4 


9-2 

21-82 

2-7 1 




8-0 J 



10-20 

1 8-8 

11-2 

100-00 

! 100-0 

100-0 


Colloidal Properties. 

Asphalt is usually considered to be a colloidal system 
composed of high-carbon-content hydrocarbons, known as 
asphaltenes, dispersed in more fluid petrolenes which are 
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made up of compounds having a higher hydrogen to carbon 
ratio. The asphaltic resins which are also present probably 
stabilize the system by helping to keep the asphaltenes in 
a dispersed condition. Certain solvents possess the ability 
of flocculating and precipitating the asphaltenes, and be- 
cause of this property are of value in the identification of 
certain types of bitumen. 

In Trinidad Native Lake asphalt there is present con- 
siderable mineral matter which may be classed as colloidal. 
Millions of the mineral particles in a pound of this asphalt 
are so small that they are invisible under the most powerful 
microscope. However, they can be detected in a dilute 
benzole or other solution of the asphalt by means of the 
ultra-microscope. These fine particles, which exhibit 
Brownian movement, are not deposited from the dilute 
benzole solution even after many years. 

When no solvent is present mineral particles so large as 
to be readily visible by means of the microscope remain 
suspended indefinitely in the bitumen. Changes in the 
viscosity of the continuous phase (the bitumen), whether 
due to solution or heat, cause disturbances in the system, 
and consequently more or less of the larger particles will 
settle out. It has not, so far, been determined whether 
changes in the rate of settling, due to alteration of viscosity 
by heat, will follow Stokes’s law, but in dilute solutions 
the rate of settling does follow that law very closely. 

Clifford Richardson’s work with this asphalt and his 
study of the colloidal phenomena of its mineral matter 
needs no review here. No means have yet been found to 
economically obtain in a bitumen such a high percentage 
of colloidally dispersed mineral particles as may be seen 
in dilute solutions of this lake asphalt. It has been prac- 
tically impossible to obtain the consistency characteristics 
(penetration and softening-point) of Trinidad Lake asphalt 
by compounding the same percentage composition by 
weight of bitumen and mineral filler. Apparently the de- 
gree of subdivision of the mineral matter, amount of 
adsorption of the hydrocarbons to the surface of the solid 
particles, and the character of the hydrocarbons present 
constitute a system diflicult to reproduce. 

Flow Properties of Asphalt at Temperatures of Use. 

The tests, such as penetration and softening-point, com- 
monly used for measuring the consistency of fairly hard 
asphalts give rather indefinite measurements of their rheo- 
logical properties. Although viscosities at high tempera- 
tures, corresponding roughly to the temperatures of 
application or compounding, have been measured for a 
long time, only recently have methods been developed for 
determining the rheological characteristics of materials as 
hard as paving asphalt at atmospheric temperatures. 

In respect to their flow characteristics, liquids may be 
classified as: 

(1) Viscous. If a viscous liquid is subjected to shear in 
a viscometer and the volume of flow is plotted against the 
shearing stress, a straight line passing through the origin 
will be obtained. In other words, these materials flow 
under the application of any shearing stress no matter how 
small. The viscosity or resistance to internal flow in the 
fluid is expressed in poises (dyne-seconds per sq. cm.). 
Some asphalts are found to be viscous liquids. 

(2) Quasi-viscous. Liquids placed under this classifica- 
tion possess what is sometimes called structural viscosity. 
Although they will move under the application of the 
smallest measurable force, nevertheless a plot of the volume 
of flow against the shearing stress givesL a curve passing 


through the origin but convex towards the shearing-stress 
axis. This means that as greater force is applied the 
apparent viscosity of the fluid becomes less. Air-blown 
asphalts and some hard steam-refined bitumens have been 
found to possess structural viscosity or to be quasi-viscous. 

(3) Plastics. These substances require the application of 
a definite shearing stress before flow occurs. The point at 
which the linear portion of the flow-shear curve intersects 
the shearing-stress axis is called the yield value. Some 
investigators believe that many substances considered as 
plastics really come under classification (2) above. 

The rheological properties of various asphalts and bitu- 
mens have been investigated recently by Broome and 
Thomas [4, 1931], Saal [11, 1933], Saal and Koens [12, 
1933], Pittman and Traxler [8, 1934], and Traxler, Pittman, 
and Burns [15, 1935]. In general, the conclusion has been 
drawn that some bitumens are viscous while others are 
cither quasi-viscous liquids or plastic solids. Asphalts from 
the same source and processed in the same manner may 
exhibit different flow properties; a soft asphalt may be 
viscous, whereas a hard one of the same type may show 
structural viscosity. Almost all bitumens possess clastic 
properties, and in most viscometers this property is a source 
of annoyance in measuring the permanent (viscous) de- 
formation of the liquid. Thixotropy is another property 
encountered in certain asphalts. 

In Table X the viscosities of five different kinds of asphalt 
[8, 1934] are given in poises at temperatures ranging from 
15'^ C. (59^ F.) to 130" C. (266" F.). The asphalts were all 
of approximately 60 penetration at 25"" C. (iT F.), 100 g., 
5 sec. Asphalt A was produced from Mexican petroleum. 
Asphalt B from Venezuelan, and Asphalt C from Trinidad 
petroleum by steam distillation. Asphalt D is Bermudez 
Native Lake asphalt cement, and Asphalt E is Trinidad 
Native Lake asphalt cement, each softened with a liquid 
petroleum flux produced from the same petroleum used to 
prepare Asphalt B. 

Table X 

Viscosity-Temperature Data 


Temp. 

°C. 

Viscosity in poises 

A 

B 

C 

D 1 

E 

15 

9-20x10’ 

6-33 X 10’ 

6-49x10’ 

3-69x10’ 

4-32x10’ 

20 

2-26x10’ 

1-76x10’ 

1-47x10’ 

. , 

1-25x10’ 

21 




9-56x10* 

9-49x10* 

25 

6-98 X 10* 

6-24x10* 

3-35 X 10* 

3-66x10* 

i 4-06x10* 

30 

2-75 xl0« 

1-81x10* 

9-02 X 10* 

1-28 X 10* 

1-32x10* 

35 

8-45 X 10* 

4-97 X 10* 

2-50 X 10* 

4-91 X 10* 

4-84x10* 

40 

2-33x10* 

1-71x10* 

8-06x10* 

1-28x10* 

1-38x10* 

50 

4-23x10* 

2-41 X 10* 

1-40x10* 

2-10x10* 

2-26x10* 

60 

8-67 X 10* 

4-72x10* 

2-73 X 10* 

4-28x10* 

4-82x10* 

70 

2-27 X 10* 

1-20x10* 

7-68 X 10* 

1-19x10* 

1-45x10* 

80 

7-01 X 10* 

3-59x10* 

2-52 X 10* 

3-71x10* 

4-75x10* 

90 

2-41 X 10* 

1-32x10* 

7-91x10 

1-50x10* 

2-07x10“ 

100 

1-03x10* 

6-00x10 

3-35 X 10 

6-27x10 

9-10x10 

110 

4-32x10 

2-59x10 

1-61x10 

2-93x10 

• 

120 

2-27x10 

1-43x10 

8-47 

1-46x10 

« 

130 

1-13x10 

6-77 

4-84 

8-74 

• 


♦ Not obtained due to the too rapid settling of a portion of the 
mineral matter which is naturally present in this asphalt. 


Numerous empirical formulae have been applied to these 
data, but none was found to be of practical value due to 
the number of constants necessary to give deviations within 
the limits of experimental error. Thus it is concluded 
that the viscosity-temperature relationship for most known 
bitumens is very complex if the measurements are extended 
over a wide enough range. 
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Fig. 4, which is reproduced from a paper by Traxler, 
Pittman, and Burns, shows the relationship between pene- 
tration, 100 g., 5 sec., and viscosity in poises for Trinidad 
Lake asphalt cements. Curve A represented by a solid line 
shows the relationship between penetration and viscosity 
when the consistency is changed by varying the temperature 
of test. The broken line (curve B) shows the same relation- 
ship when the consistency is altered by using different 
amounts of flux on the Trinidad Refined Asphalt. Curves 
of the same general shape have been obtained for other 
asphalts. 



From these data it is evident that altering consistency 
either by temperature changes or by processing results in 
decidedly different penetration-viscosity relationships. 

Increase in Viscosity of Asphalts with Time. 

Unpublished results obtained in the research laboratory 
of the Barber Asphalt Company indicate that all asphalts 
tend to become harder on standing at 25"" C. (77° F.). This 
effect is not due to evaporation of volatile constituents 
because, on remelting and cooling to 25° C. (77° F.), the 
materials return to their original and more fluid condition. 

In order to obtain quantitative measurements of this 
hardening effect a number of co-axial cylinder viscometers 
of the type proposed by Pochettino [9, 1914] were filled 
with bitumen, allowed to cool, and then placed in a cabinet 
maintained constantly at the desired temperature. Instru- 
ments were removed from time to time and the viscosity 
of the asphalt determined by measuring the rate of fall of 
the inner cylinder by means of a cathetometer. The visco- 
meter and contents were suspended in a constant tempera- 
ture bath during the measurement of viscosity. Fig. 5 
shows the common logarithm of the viscosities in poises 
plotted on an arithmetic scale versus hours of ageing on 
a logarithmic scale. A log-log plot of these data was chosen 
because the slopes of the resulting lines are direct measures 
of the percentage increase in viscosity of the asphalts for 
given percentage increases in time. 

Thus, Trinidad Native Lake asphalt cements and steam- 
refined Trinidad and Californian asphalts show relatively 
little hardening with time, whereas asphalts produced by 
steam distillation of Venezuelan, Arkansas, and Mexican 
petroleum show comparatively rapid and extensive harden- 
ing, This phenomenon probably has its origin in the 
development of a structure within the asphalt which, as 
pointed out above, is unstable to heat and possibly to 
vigorous mechanical working. The latter point has not as 


AND BITUMENS 2717 

yet been experimentally proven. Where the asphalt in use 
is not subjected to sufficient thermal changes or mechanical 
working, this time-hardening effect may be a very serious 
factor in making the pavements or other structures too 
hard so that they are liable to crack or disintegrate. 



Permanent Hardening of Paving Asphalts during pre- 
paration of the Paving Mixture. 

Since Abson [2, 1933] has devised a method to recover 
an asphalt from solution without materially affecting its 
properties, it has been found that some paving asphalts are 
greatly altered during the process of hot mixing with 
mineral aggregate preparatory to laying the pavement. If 
samples of paving mixture are taken as they leave the 
mixer, or if samples are removed from the freshly laid pave- 
ment, or from an old one, and the bitumen is extracted by 
means of benzole and recovered immediately, using Abson’s 
distillation with CO 2 , it will be found that most asphalts 
have hardened and lost ductility. At the present time little 
is known as to the causes of these changes in prop)erties; 
they may be due to evaporation, oxidation, polymerization, 
or sulphur reactions with the hydrocarbons of the asphalt. 
However, a superior asphalt for paving purposes certainly 
should not show any serious loss of its valuable properties, 
such as ductility, adhesiveness, &c., during the process of 
mixing with the mineral aggregate or during the laying of 
the pavement. Such considerations serve to emphasize the 
necessity for reco^iizing different asphalts as distinctly 
different materials in their behaviour both in the paving 
plant and in the pavement itself. Quite obviously, then, it 
is erroneous to assume that a number of different asphalts 
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of the same penetration will behave in the same way in 
actual commercial operations. 

Combination of Two Asphalts of High Softening-point 

to give a Mixture of Low Softening-point. 

Frequently it is desirable to blend high softening-point 
asphalts with Trinidad Native Lake asphalt. With certain 
types of bitumen, such combinations will yield compounds 
possessing lower softening-points than either of the com- 
ponents. 

An air-blown asphalt of 140 penetration at 25*" C. 
(77° F.), 100 g., 5 sec., and 143° C. (290° F.) Ring and Ball 
softening-point was compounded in various proportions 
with Refined Trinidad Lake Asphalt of 4 penetration and 
97° C. (207° F.) Ring and Ball softening-point. 

A steam-refined oil asphalt of 1 penetration at 25° C. 
(77° F.), 100 g., 5 sec., and 114-5°C. (238° F.) Ring and 
Ball softening-point was also mixed in the same propor- 
tions with Refined Trinidad Lake Asphalt. The Ring and 
Ball softening-points for each compound of both series are 
recorded in Table XI. The data are shown graphically in 
Fig. 6. 

Table XI 



Blown asphalt | 

Steam-refined asphalt 

Refined Trinidad 
asphalt 
% 

% 

R. and B. 
softening- 
pointy ° F. 

0/ j 

. 0 1 

R. and B. 
softening- 
• pointy ® F. 

100 

0 

207 

0 

207 

85 

15 

168 

15 ' 

201 

70 

30 

153 

30 

204 

50 

50 

162 

50 

210 

30 

70 

205 

70 

217 

15 

85 

245 

85 

226 

0 

100 

290 

100 

238 
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Fig. 6. 

The compounds containing less than about 50% Refined 
Trinidad asphalt mixed with steam-refined oil asphalt 
combine as if the Trinidad asphalt possessed a softening- 
point of about 175° F. (the softening-point of the mineral- 
free bitumen) instead of 207° F. This l^haviour is probably 
due to the fact that in these blends containing smaller 
amounts of Trinidad Native Lake the mineral matter con- 
tent originally present is greatly diluted and thus does not 
exert any appreciable stabilizing effect on the compounded 
material. 

From the work which has been done with finely divided 
mineral fillers it has been found that their stabilizing effect 



is not evident until they are present to the extent of about 
20%. Of course there are exceptions when the mineral 
filler possesses peculiar structural characteristics (e.g. as in 
kieselguhr, asbestos, &c.). 

The remarkable depression of the softening-point ob- 
tained with certain blends of Trinidad-blown asphalt can- 
not be explained entirely on the basis of dilution of mineral 
content. This phenomenon is probably to be explained by 
physico-chemical considerations of the structure of asphalt. 

Acid and Saponification Values of Natural Asphalts. 

Paillar [7, 1914] has developed a method for determining 
the acid number of asphalts. He places 30 g. of bitumen 
or enough asphalt to yield that much bitumen in a retort 
and heats until the material is melted. The flame is adjusted 
so that about one drop of distillate is collected every 2 
seconds. The distillate is collected in 5 c.c. portions and 
each portion weighed and then dissolved in 10 c.c. portions 
of ether. After washing the etheral solution with water in 
a separatory funnel until free of any mineral acid present, 
the etheral solution is transferred to an Erlenmcyer flask, 
diluted with 75 c.c. of neutral alcohol, 5 c.c. of 1 % alcoholic 
solution of alkaline blue is added, and the mixture titrated 
until the red colour changes to blue. The acid number is 
expressed in milligrams of KOH used to neutralize the acid 
in 1 g. of oil distillate. Table XII gives a portion of 
Paillar’s data: 

Table XII 

Acid Value of Various Asphalts 


Acid value 


Kind of asphalt 

i 

1st distillate 

1 2nd distillate 

Trinidad 


16-20 

\ 8-40 

Bermudez 


9-80 

1 3-20 

California 


0-11 

0-07 

Mexican 

. ' 

0-24 

0-05 

Bermudez + California 


4-90 

1-20 

Bermudez [-Mexican 


5 40 

200 


These data show that the acid values of native asphalts 
are considerably higher than those prepared by the distilla- 
tion of petroleum. 

The saponification value of the various asphalts may be 
determined by dissolving 5 g. of ash-free bitumen in 30 c.c. 
of benzole and then boiling with 50 c.c. of normal alcoholic 
KOH under a reflux condenser. The mixture is cooled to 
room temperature, 250 c.c. of 95% alcohol are added, and 
the excess KOH titrated with normal H2SO4, using alkaline 
blue as an indicator. Paillar obtained the results given in 
Table XIII: 

Table XIII 


Saponification Value of Various Asphalts 


Asphalt 

Saponification No. 

Trinidad .... 

40-0 

Bermudez .... 

28-0 

California .... 

12-0 

Mexican .... 

10-5 

Bermudez [ California . 

20-5 

Bermudez i - Mexican 

19-7 

Trinidad -f California 

26-0 

Trinidad -f Mexican 

24-9 


Molecular Weights of Asphaltic Bitumen. 

Stricter [13, 1925] obtained values for the average mole- 
cular weight of the bitumen in several asphalts. The 
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bitumen was dissolved in benzole and the molecular weight 
determined by the lowering of the freezing-point. Appa- 
rently little trouble was encountered in obtaining sharp 
temperature readings. Table XIV gives values for three 
bitumens, each value representing the average of two 
closely checking duplicate determinations : 

Table XIV 

Molecular Weights of Asphalts 

Asphalt Molecular weight 

Trinidad bitumen 1131-8 

Bermudez „ 620-4 

Gilsonitc ,, . 4251-5 

The oils obtained from these asphalts by distillation 
have molecular weights of about 230, and it is suggested by 
Stricter that the hydrocarbons present are polycyclic com- 
pounds with about four rings. Thus the hydrocarbons in 
Trinidad asphalt with a molecular weight of 1131*8 would 
contain 12 to 16 rings. 

Specific Heats. 

The specific heats of various asphalts are listed in 
Table XV. Because of its mineral content Trinidad Native 
Lake asphalt has the lowest specific heat of any asphalt. 


Table XV 

Specific Heats of Asphalts 


Refined Trinidad Lake asphalt . 

. 0-350 

Trinidad asphalt cement . 

. 0-381 

Bermudez asphalt cement . 

0-413 

Typical oil asphalt . 

. 0-450 


Coefficient of Expansion. 

The coefficients of expansion of Trinidad, Bermudez, 
and a typical steam-refined oil asphalt for temperatures 
from 35" to 160" F. arc given in Table XVI. These data 
were calculated using the equation 
_ Dt—Di 

Oft -ry 

where A ^ the volume coefficient of expansion, 

Dt -=■- density at the higher temperature, 

Dt density at the lower temperature, 
t and T — temperature in " F. 


Table XVI 

Volume Coefficients of Expansion 



Temp. 


Temp, range ' 

Coefiicient 

Asphalt 

° F. 

Density 

^ F. 1 

of c.xpansion 

Trinidad 

35 

1-254 

(35-60) 

0-000289 

»» 

60 

1-245 

(60-100) 

0-000305 


100 

1-230 

(100-60) 

0-000304 


160 

1-208 

(35-160) 

0-000305 

Bermudez 

35 

1-069 

(35-60) 

0-000301 

»♦ 

60 

1-061 

(60-100) 

0-000359 

»» 

100 

1-046 

(100-60) 

0-000342 


160 

1-025 

(35-160) 

0-000343 

Typical steam- 

35 

1-064 

(35-60) 

0000341 

refined oil asphalt 

60 

1-055 

(60-100) 

0-000360 

M 

100 

1-040 

(100-60) 

0-000344 


160 

1-019 

(35-160) 

0-000353 


It should be noted that densities and not specific gravities 
are used in these calculations. The reader interested in 
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expansion coefficients for bituminous products should refer 
to the Report of Sub-committee X of the American Society 
for Testing Materials [14, 1934] for data and a discussion 
of the accuracy of the measurements. 

Cementitiousness of Asphalt. 

A most important property of asphalt is its ability to 
bind together particles of solid material, usually composed 
of mineral aggregate. L. Kirschbraun [5, 1914] developed 
a method for measuring this property which he called the 
cementitiousness or cementing value of the asphalt. His 
method will not be described here, but the student of 
asphalt is urged to read the original article which gives 
a complete description and discussion of the method with 
considerable data concerning the cementing values of 
various asphalts. 

Fig. 7 shows the cementing values obtained for Trinidad 
Lake asphalt cements of 30, 50, 70, and 140 penetration 
at 25" C. (77" F.), 100 g., 5 sec., in which the Trinidad 
asphalt is softened (1) with a flux derived from paraffin- 
base crude, and (2) with a flux from asphaltic-base crude. 
Also, the cementitiousness of a typical steam-refined oil 
asphalt (3) is given for 30, 50, 70, and 140 penetration. 



Fig. 7. 


Trinidad Lake Asphalt — Uses. 

Trinidad asphalt was originally exploited for street 
paving in 1870, when it was so used for the first time in 
Newark, N.J. In subsequent years similar pavements were 
laid in New York City, while in 1876 an extensive yardage 
was constructed in Washington, D.C. Since that time it 
has been used throughout the world as a standard paving 
material. 

Other extensive uses for this asphalt arc in the manu- 
facture of asphalt roofings and shingles, waterproofing 
materials, asphalt mastic, and coatings for pipes and con- 
duits, while the more highly specialized uses to which it 
has been put are too varied to enumerate. Being miscible 
in all proportions with practically all other asphalts and 
native bitumens, as well as with vegetable and mineral oils, 
waxes, and pitches, and in relatively large proportions with 
coal tar, Trinidad asphalt becomes applicable to many 
diversified uses. Nearly all of the industrial uses require 
manipulation at an elevated temperature, and blends of 
Trinidad asphalt with softer or harder bituminous 
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materials are usually made at temperatures from 225® to 
400® F. 

This asphalt is, also, capable of being pulverized in a 
hammer-type disintegrator or mill and has had extensive 
use in that form, especially in the manufacture of the so- 
called cold paving compositions which can be laid either 
cold or hot. 

Asphalt from Mesopotamia (Iraq) 

Deposits of asphalt are found along the Euphrates River 
in old Mesopotamia, now known as Iraq. A typical 


analysis is given in Table XVII: 


Table XVII 


Asphalt from Iraq 


Odour on heating .... 

Asphaltic 

Softening-point (R. and B.) . 

. 305° F. 

Penetration at 77° F. 100/5 . 

Bitumen (soluble in CSJ 

*. 67-6% 

Mineral matter (ash) .... 

. 22-6% 

Difference (organic insoluble) 

. 104% 

Bitumen soluble in CCI4 

. 93-7% 

„ „ ethyl ether 

. 561% 

„ „ 86° naphtha 

. 36-6% 

Fixed carbon Ush-free) 

. 14*8% 

„ „ (bitumen basis) 

. 17-5% 

Boeton Asphalt from Dutch East Indies 

On the Island of Boeton in the Dutch East Indies there 
occurs an extensive deposit of bitumen mixed with micro- 

scopic shells. It is an interesting fact that on this island 
there occurs bitumen-filled coral despite the fact that 

coral cells are closed. No explanation has been offered 
as to how the asphalt found its way into the interior of the 

coral cells. 


An analysis of Boeton asphalt is given 

in Table XVIII: 

Table XVIII 
Boeton Asphalt 


Bitumen (soluble in CS,) 

. 37-1% 

Mineral matter ..... 

. 490% 

Difference 

. 13-9% 

Character of extracted bitumen : 


Softening-point (R. and B.) 

. 152° F. 

Penetration at 77° F. 100/5 

. 18 

Fixed carbon (ash-free) 

Character of mineral matter [3] : 

. 10-74% 

Silica (SiOj) 

. 5-32% 

Alumina (AljO#) and ferric oxide (FejO,) 

. 2-62% 

Lime (CaO) 

. 49-22% 

Magnesia (MgO) .... 

. 143% 

Sulphuric anhydride (SO,) . 

. 0-51% 

Carbonic anhydride (CO,), alkalies, &c. 

. 40-90% 


Sclenitza Asphalt from Albania 

Commercial use, although on a somewhat limited scale, 
is made of a hard asphalt mined in Albania and marketed 
under the name Selenitza. Asphalt in Albania, on the shore 
of the Adriatic Sea, was referred to by Aristotle of Greece 
about 350 b.c., but the Selenitza material which occurs at 
Valona can scarcely be traced back directly to such early 
times. 

The present Selenitza is a hard native asphalt containing 
from 10 to 25% mineral matter, and has been used locally 
after blending it with softer bitumen for street and road 
paving, mastic and liquid bituminous coatings or paints. 
Three typical analyses are given in Table XIX: 


PETROLEUM 

Table XIX 

Albanian Asphalt — Selenitza 



151507 

153758 

155315 

Water (by distillation) 

4-6% 

6-4% 

7-1% 

Dried material: 




Penetration at 77° F. 100/5 

4 

2 

2 

Softening-point (R. and B.) 

250" F. 

233° F. 

222° F. 

Bitumen (soluble in CS,) 

86-8% 

82-1% 

80-7% 

Mineral matter (ash) 

12-4% 

14-4% 

16-2% 

Difference 

0-8% 

3-5% 

3-1% 

Bitumen soluble in CCl, 

97-1% 

99-7% 


„ „ ethyl ether 

43-3% 

57-0% 

55-1% 

„ „ 86° naphtha 

42-6% 

44-3% 

42-4% 

Fixed carbon .... 

20-5% 

20-2% 

20-4% 

Sulphur (calculated on pure bitumen) 

6-9% 

7-2% 

6-7% 

Paraffin scale .... 



0-2% 

fluxing: 




Parts of asphalt .... 

100 



Parts of liquid petroleum flux 

45 



Resultant fluxed selenitza: 




Penetration at 77° F. 100/5 

51 


, . 

Ductility at 77° F. in cm. 

18 




Rock Asphalt 

There are numerous deposits of native rock asphalt 
throughout the world, but those of chief commercial im- 
portance are situated in the Continents of Europe and 
North America. 

Although several of the European deposits (e.g. at 
Ragusa) have been known for a long time, it was not until 
after 1800 that these deposits were exploited commer- 
cially. The first pavements using rock asphalt were laid 
about 1835. 

In the past some differences of opinion have existed 
concerning the definition of a rock asphalt, but the follow- 
ing definition quoted from British Standard Specification 
No. 596 — 1935 represents the present opinion at least of 
the technologists of Great Britain: 

‘The aggregate shall consist of natural asphalt rock, 
this term being interpreted in a strictly geological sense 
and denoting a naturally occurring, consolidated, cal- 
careous rock impregnated with bitumen exclusively by 
a natural process; the term shall exclude all other types 
of rock such as result from sporadic bitumen in any mode 
of occurrence in non-bituminous limestone or in a lime- 
stone of low grade impregnation, non-bituminous lime- 
stones and artificial mixtures thereof with bitumen of any 
source and description.’ 

The chief sources of rock asphalt coming under this 
definition and available in Europe to-day in commercial 
quantities are as follows : 

(1) The Cretaceous deposits of Pyrimont-Volant (Seys- 
sel) region of the departments of Ain and Haute 
Savoie, France. 

(2) The Tertiary deposits of St. Jean do Marvejols, the 
department of Gard, France. 

(3) The Tertiary deposits of the Ragusa region. Province 
of Syracuse, Sicily. 

(4) The Cretaceous deposits of the Neuchdtel-Val de 
Travers region, Switzerland. 

(5) The Jurassic deposits of Vorwohle and Eschershausen 
in Brunswick, Germany. 

Table XX gives typical physical and chemical charac- 
teristics of the bitumen and aggregate from types of Euro- 
pean natural rock asphalt. The data were made available 
by the Building Research Station (Great Britain) through 
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the Limmer and Trinidad Lake Asphalt Company, Ltd., 
who also supplied much of the subject-matter concerning 
European rock asphalts. 

Table XX 


Physical and Chemical Characteristics of the Bitumen and 
the Aggregate from Typical Specimens of Natural Rock 
Asphalt 


Physical and chemical 
characteristics 

Sicilian 

Seyssel 

iPyri- 

mont) 

Val-de~ 

Travers 

St. Jean 

Vorwohle 

Extracted bitumen: 






Soluble bitumen 

8-9% 

^8% 

8-9% 

8-11% 

4-7% 

Softening-point (R. 
and B.) 

00 

p 

46® C. 

32° C. 

48-5° C. 

45-5® C. 

Penetration at 0® C. 

18 

6 

17 

5 

6 

25® C. 

Too soft 

118 

Too soft 

111 

146 

Viscosity by float test 

125 

163 

76 

262 

171 

Acid value 

2-75 

6-1 

6-68 

0-93 

6-8 

Saponification value 

19-72 

29-6 

21-71 

28-03 

2943 

Asphaltenes 

4-16 

10-47 

0-68 

14-11 

4-92 

Oily constituents 

35-29 

39-54 

50-90 

14-21 

35-92 

Aggregate: 






Silica (SiO,) . 

Trace 

Trace 

0-78 

Trac*? 

4-3 

Iron (Fc,0,) . 

Trace 

Trace 

0-5 

Trace 

Trace 

Alumina (A1,0») 

3-37 

M7 

Trace 

2-37 

2-60 

Lime (CaO) 

61-1 

66-4 

64-6 

60-7 

69-4 

Magnesia (MgO) 

Trace 

'I'race 

0-32 

1 I race 

} Trace 

Carbon dioxide 

35-5 

32-4 

33-8 

1 36-9 

1 29-4 


The rock asphalts of North America occur chiefly in 
the States of Alabama, Arkansas, California, Kentucky, 
Louisiana, Oklahoma, Texas, and Utah in the U.S.A., 
while large deposits of asphaltic sands arc found in Canada. 
These are all quite unlike the European rock asphalts in 
that they are generally composed of sand or sandstone, or 
limestone, or a mixture impregnated with bitumen, but if 
limestone they differ essentially in physical structure. 

A few, but by no means all, of the commercially operated 
deposits are briefly mentioned below. 

Texas. A deposit in Uvalde County is exploited as 
‘Uvalde Rock Asphalt*. This material is a conglomerate 
from 10 to 20% of hard bitumen and a limestone con- 
taining numerous fossil remains of molluscs. Uvalde Rock 
Asphalt is mixed with softer bitumens and crushed non- 
bituminous rock to produce a material for road-paving 
purposes. 

Rock asphalts are found in other counties in the State, 
a few of which are enumerated below. 




Nature of 

County 

Soluble in CS 2 

eSa insoluble 

Montague . 

5-11 

Sand and limcsione 

Burnet 

10 

Limestone 


Oklahoma. The deposits in this State consist of asphaltic 
sands, asphaltic limestone, mixtures of the two, and occa- 
sionally of asphalt impregnated shale. A number of the 
deposits are listed below: 


Deposit 

Soluble in CSj 

Nature of 
CS 2 insoluble 

Ralston 

5*0 

Sandstone 

Buckhorn 

11-12 


Buckhorn 

4-13 

Limestone 

Brunswick . 

1-3 


Brunswick . 

2-11 

Sandstone 

Sneider 

11 


Emet . 

10*4 


Ravina 

2-3-13-2 

Limestone 

Ardmore 

9-12 

Sandstone 


Kentucky. Large deposits of asphaltic sandstone ledges 
20 to 60 ft. in depth occur in Edmonson, Grayson, and 
Hart Counties not far from the famous Mammoth Cave, 
and on a peninsula which is situated between the Nolin 
and Green Rivers about 35 miles from Bowling Green. 
The trade name of ‘Kyrock’ is given to the rock asphalt 
mined in this region. The output per year is in excess of 
250,000 tons. 

Explorations are maintained on the deposits 6-10 years 
in advance of production. Core drillings together with 
laboratory analyses of the cores definitely define the 
extent and character of those portions of the veins under 
exploration. 

In production the overburden of sandstone and earth 
are blasted loose and hauled away, making it possible to 
blast out the rock asphalt without contamination. Field- 
laboratory tests on the quarry face are further checks on 
the bitumen content. The blasted rock asphalt is hand 
selected by men experienced in judging bitumen content. 
The large pieces broken loose in the blasting operation are 
reduced in a succession of large crushers and then pul- 
verized in roller mills to the size of the original sand grains. 
Continuous mixing during these operations, together with 
technical control, ensures suitability and uniformity of 
finished product. Only material containing 6-5-7*75% 
bitumen is sold as ‘Natural* Kyrock. 

Nothing needs to be added to ‘Natural’ Kyrock before 
it is laid as a pavement. The pulverized material is placed 
on the prepared base, cold, raked to the proper grade and 
then rolled. As soon as the rolling is completed the road 
or street may be opened to traffic. However, rock asphalt 
containing 3-6% bitumen must be processed with sufficient 
other asphalt to give a durable bond to the product. Both 
native and oil asphalts of proper quality and consistency 
may be used for this enrichment. 

Deposits of rock asphalt also occur in Breckinridge, 
Carter, Hardin, Logan, and Warren Counties. 

The description of the Kentucky operations is more or 
less typical of the methods generally used in the U.S.A., 
and for this reason have been described in considerable 
detail. The author is indebted to the Kentucky Rock 
Asphalt Company for most of the information given. 

Rock Asphalt — Uses. 

The commercial uses of rock asphalt are almost exclu- 
sively for the paving of footpaths and city streets; as a 
roofing material for buildings; for floors and for lining 
water tanks and reservoirs. The European rocks have been 
widely used for these purposes in the several countries in 
which they occur and also to a considerable extent abroad. 

For roofing, flooring, and waterproofing purposes, the 
pulverized rock is blended with Trinidad Lake or other 
asphalts, thus producing ‘mastic’. Such mastic is applied 
to a concrete or wood base, at a temperature of from 
350"" to 450'' F., with hand tools such as ‘floats’ and 
‘spatulas’ made of wood. It is much richer in bitumen than 
the rock mixtures that are applied by tamping, as a pave- 
ment for streets, and it is, therefore, easily worked by 
hand under a ‘float* and consolidated into a dense, water- 
proof surfacing. 

A large amount of the ‘mastic’ work, both at home and 
abroad, is now done with mixtures containing no native 
rock asphalt, but which are prepared by mixing asphalts 
with stone dust, crushed rock, sand, or gravel in suitable 
proportions to yield a waterproof or acid-proof floor or 
tank lining. Many of the large concrete leaching tanks 
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employed in refining copper as well as concrete pipes and 
structures exposed to acid in many different industries have 
been lined or covered with such acid-proof mastic. 

For street-paving purposes a selection of one or more 
rocks are pulverized and blended in suitable proportions 
to yield an average composition and the physical charac- 
teristics desired. Using the European asphalts, the pul- 
verized material is then heated and while hot is spread 
over a rigid foundation and compressed, usually by hand 
tamping. The tamped surface may then be smoothed with 
a light roller. Most American rock asphalts usually con- 
tain more bitumen than the European and, consequently, 
do not have to be heated prior to laying. The rock is 
crushed and blended to yield a product of average com- 
position with respect to bitumen content. The mixture is 
laid upon road surfaces, over a more or less rigid founda- 
tion, at atmospheric summer temperatures or after warming 
with live steam if the material is too cool to properly stick 
together. After spreading the crushed rock upon the road 
with rakes the surface is then compressed with a power- 
driven road roller and otherwise manipulated to produce 
the desired surface. 

Specifications. 

A specification for limestone rock asphalt is quoted 
below. This is taken from British Standard Specification 
for Mastic Asphalt Surfacing, No. 596, 1935, p. 11. 

‘The aggregate shall consist of natural asphalt rock, 
this term being interpreted in a strictly geological sense 
and denoting a naturally occurring, consolidated, cal- 
careous rock impregnated with bitumen exclusively by 
a natural process; the term shall exclude all other types 
of rock such as result from sporadic bitumen in any 
mode of occurrence in non-bituminous limestone or in 
a limestone of low grade impregnation, non-bituminous 
limestones and artificial mixtures thereof with bitumen 
of any source and description. 

‘The asphalt rock shall be imported in its raw state 
as mined, so as to be available to the Engineer for 
sampling and testing, and shall conform to the following 
specification : 

‘(i) It shall contain not less than 6% of inherent 
bitumen. 

‘(ii) Its specific gravity shall be not less than 1*9 nor 
more than 2-5. 

‘(iii) The limestone, after extraction of the bitumen, 
shall contain not less than 90% of calcium carbonate. 

‘The asphalt rock shall be ground to a powder such 
that the whole shall pass an 8-mesh sieve and at least 
15% shall pass a 200-mesh sieve.’ 

Another specification for limestone rock asphalt is 
quoted from the General Specification of the Texas 
(U.S.A.) Highway Department, dated August 1934, 434- 
53, Sheet No. 1. 

'‘Limestone Rock Asphalt, The limestone rock asphalt 
shall be uniform, well graded, natural limestone rock 
asphalt consisting of 9-12% of asphalt and 88-91% of 
limestone practically free from sulphates, iron pyrites, 
alumina, or other objectionable matter.’ 

A typical specification for a sandstone rock asphalt and 
for a processed rock asphalt taken from page 375 of 
Standard Specifications for Road Construction^ State High- 
way Commission of Indiana (U.S.A.), March 1935, is 
given below. 


^Rock Asphalt. The rock asphalt shall be produced 
from natural bituminous sandstone containing only bitu- 
men native to the rock. It shall be free from clay or 
other foreign substances. All particles of rock asphalt 
shall be uniformly coated with bitumen. The rock 
asphalt shall meet the following requirements: 

‘ 1 . The sand in the rock asphalt shall be composed 
of not less than 93 % silica. 

‘2. It shall be thoroughly ground and when tested 
with sieves having square openings shall comply with 
the following: 

‘All material shall pass through a 1-in. sieve. 

‘Not over 1% shall be retained on a J-in. sieve. 

‘Not over 5% shall be retained on a J-in. sieve. 

‘Not over 20% shall be retained on a J-in. sieve. 

‘3. The percentage loss on ignition shall be deter- 
mined on not less than three samples taken from each 
car. The average of these percentages shall not be less 
than 6-9% nor more than 7-8%. The variation between 
the high and low tests shall not exceed 0*75%. 

‘4. The bitumen by extraction shall not be less than 
5-9% nor more than 7-5%. 

"Processed Rock Asphalt. This material shall consist 
of a sandstone rock which has been naturally impreg- 
nated, by the forces of nature, with bitumen, but with 
which it is desirable to mix, by artificial methods, such 
proportions of asphaltic cement as are required to pro- 
duce a material conforming with the provisions of this 
specification. It shall be composed of durable angular 
particles of sand uniformly coated with bitumen. It shall 
contain, after processing, not less than six and five-tenths 
(6-5) per cent, nor more than ten and five-tenths (10-5) 
per cent, of bitumen by extraction. Sandstone aggregate 
shall contain, after ignition, not less than eighty-eight 
(88) per cent, of silica (Si 02 ) and the per cent, of bitumen 
by ignition shall be not less than seven (7) per cent, nor 
more than eleven (11) per cent. For any given material 
the total variation between these limits shall be as 
authorized by the Engineer but normally shall be not 
greater than two (2) per cent. The variation in any 
sample between the high and low tests shall not exceed 
one (1) per cent.’ 

Gilsonite 

Gilsonite, originally known as Uintahite or U intake, 
was first discovered by early settlers in the Uintah Valley 
near Fort Duchesne, Utah, about 1862. W. P. Blake first 
described the mineral in 1885. The name Gilsonite was 
adopted because S. H. Gilson, a prospector of Salt Lake 
City, Utah, first brought it into prominence as an article 
of commerce. 

Gilsonite is found in only one region, being confined to 
the Uintah Basin in Utah and Colorado. The veins extend 
from My ton, across Eastern Utah, and for a few miles into 
Colorado, a total distance of about 60 miles. 

The mineral occurs in almost vertical veins, the side walls 
of which vary in composition from sandstone to shale and 
invariably run in a general north-west-south-east direction. 
They vary in width from a fraction of an inch to 18 ft. 
Some of the longest veins have been traced by outcroppings 
for a distance of 25 miles. The depth varies from a few 
to over 7(X) ft. While usually continuous, the veins are 
frequently interrupted by faults in the rock structure. 

Gilsonite appears to have been derived from rich oil 
shales which underlay the formations in which the mineral 
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is found. Earth movements tilted the structures and opened 
fissures in the formations in which the Gilsonite veins 
occur. Vast erosion has taken place exposing all of these 
formations. How the fissures were actually filled and how 
the Gilsonite reached its present state of metamorphosis is 
uncertain. Some investigators think oil may have been 
forced under pressure from the oil shales into the fissures 
in a liquid condition, and that the Gilsonite reached its 
present state by polymerization and the migration of light 
fractions into the surrounding rock without the aid of heat 
over a long period of time. Others claim heat and pressure 
caused the oil to migrate from the shale into the fissures 
and only heat could have converted it into Gilsonite. It is 
a significant fact that the wall rock is often saturated on 
each side of the vein from a few inches to several feet but 
dry in all other places, thus showing that the Gilsonite was 
at one time either a liquid, or a solid or semi-solid liquefied 
by heat. 

As mined, the Gilsonite is graded and packed into burlap 
sacks, averaging about 200 lb., and either trucked to the 
nearest shipping-point or carried on the narrow-gauge, 
tortuous, and scenic Uintah Railroad with its 7J% gradients 
and 66° curves to its junction with the main railroad at 
Mack, Colorado. 

Gilsonite is one of the purest native bitumens known and 
is rather readily distinguished from the other asphaltitcs by 
its brown streak, lower specific gravity, fixed carbon, and 
typical low sulphur content. 

The Gilsonite mined from different veins varies in 
characteristics, and while, in general, material taken from 
a single vein will run fairly uniform, there is some variation 
from the surface ore which has been altered by the weather 
to the ore obtained deeper in the shafts. In some veins 
a variation in fracture of the ore occurs across the vein, 
frequently being pencillated or columnar at or near the side 
walls and merging into conchoidal or hackley near the 
centre. Infrequently ore which is conchoidal when freshly 
mined gradually becomes hackley. That is, a lump showing 
entirely conchoidal surfaces will, on ageing, retain this 
appearance, but the face of a fresh fracture may be entirely 
hackley or show a hackley area at the periphery and a con- 
choidal centre. This is entirely a physical or structural 
phenomenon — none of the other properties are affected. 

In general, Gilsonite will be found to comply with the 
characteristics given in Table XXL 

Some typical analyses of Gilsonite are shown in Table 
XXII. 

For commercial purposes, Gilsonite is graded into 
‘Selects’ and ‘Standard’ grades by the larger producers. 
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Table XXI 

Gilsonite 

Colour in mass . 

Black 

Fracture .... 

Variable, conchoidal, hackley, 
columnar 

Lustre .... 

Coin-like, dull to bright 

Streak .... 

Brown 

Specific gravity at 60*^ F. 

1 03-1 09 

Hardness, Moh’s scale 

2 

Softening-point over mercury 

250° F. to over 500° F. 

Fixed carbon 

10-20% 

Bitumen (soluble in CSa) 

Greater than 98 0% 

Mineral matter . 

Less than 1*0% 

Non-mineral matter insoluble 

Less than 10% 

Bitumen soluble in 86° naphtha 

10-60% 

Paraflin scale 

Trace 

Sulphur .... 

Less than 0-8 % 


The differentiation is made primarily on the basis of 
softening-point and behaviour in petroleum solvents. For- 
merly the basis of grading was entirely by appearance, 
principally fracture, the Selects being conchoidal and the 
Standard otherwise. This, however, proved to be an im- 


proper means of classification. In general, 
Standard comply with the following: 

Selects and 


Selects 

Standard 

Specific gravity at 60° F., maximum 

105 

109 

Softening-point over mercury 

325° F., max. 


Behaviour in petroleum solvent 

Does not liver 
or jell 

May liver or 
jell 


In determining the softening-point of Gilsonite, as well 
as other asphaltites and high softening-point asphalts, a 
method which does not involve a preliminary melting is 
to be preferred over any other method. The over-mercury 
method referred to in Table XXII consists of placing 
particles of the original material, passing a No. 20 sieve 
and retained on a No. 30 sieve, on a microscope cover-glass 
floated on mercury in a 3-oz. tin. An inverted watch-glass 
with a hole through the centre for a thermometer is used to 
protect from draughts and the temperature raised at a rate 
of 10-15° F. (5-6° C.) per minute. The softening-point by 
this method is defined as the temperature at which all sharp 
edges and other lines or marks which defined the original 
shape of the particle round out and disappear when viewed 
under a magnification of 6 times. At this point the particle 
is more or less globular. This method eliminates the pos- 
sibility of altering the softening-point by preliminary melt- 
ing which may cause a high result if any of the more 
volatile portions are driven off, or a low result if any 
cracking or decomposition occurs during the melting pro- 


Table XXII 


Typical Gilsonite Analyses 




'Selects' 



‘ Standard' 



/ ! 

2 

3 

4 

5 

6 

7 ' 

8 

Fracture 

Conch. 

Conch. 

Pencillated 

Hackley 

Conch. 

Conch. 

Hackley 

Hackley, 

coin-like 

Streak 

brown 

brown 

brown 

brown 

brown 

brown 

brown 

brown 

Specific gravity at 60° F. 

1032 

1044 

1038 

1037 

1051 

1059 

1073 

1069 

Softening-point over mercury 

265° F. 

288° F. 

295° F. 

315° F. 

350° F. 

370° F. 

465° F. 

Over 

500° F. 

Bitumen soluble in CSj 

99-8% 

99-7% 

99-7% 

99*9% 

99-8% 

99-5% 

99-7% 

99-5% 

Mineral matter .... 

0-1% 

0-2% 

0-2% 

01% 

01 % 

0-3% 

' 0-2% 

0-3 % 

Diflference 

01% 

01% 

01% 

trace 

01% 

0*2% 

01% 

0-2% 

Bitumen soluble in 86° naphtha . 

51-5% 

49-5% 

42-6% 

43-3% 

21-7% 

21-0% 

11-1% 

12-4% 

Fixed carbon .... 

14-5% 

15*1% 

13-7% 

14-7% 

17-9% 

20-9% 

18-9% 

151% 

Sulphur 

Behaviour in petroleum solvent . 

0*2% 

liquid 

0-3% 

liquid 

0-5% 

liquid 

0-4% 

liquid 

0-3% 

0-6% 

thickens 

0-3% 
and jells 

0-4% 


z 


IV 
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cess. For this reason, the over-mercury method is to be 
preferred to any other involving a preliminary melting. 

The behaviour in petroleum solvents is determined by 
combining under reflux about 70 parts solvent and 30 parts 
ore by weight, allowing to cool and noting whether a per- 
manently liquid mixture or one that either jells immediately 
or on standing is obtained. Frequently an actual viscosity 
is determined when the type of solvent is well standardized. 

Gilsonite is miscible in all proportions with the drying 
oils and resins generally employed in the manufacture of 
oleo-resin varnishes, and is miscible with all petroleum 
residuals and other asphalts, and when compounded with 
them is widely used in the manufacture of various black 
varnishes and baking japans. 

Gilsonite is widely employed in the manufacture of 
storage battery cases and other thermo-plastic moulded 
articles, brake linings, mastic flooring, asphalt tile, battery- 
sealing compounds, saturating compounds for insulated 
wire, belting, various impregnated fabrics, wood stains, 
pipeline coatings, and many other varieties of compounds. 
Because of its brown undertone, Gilsonite is used widely 
in printing-inks, especially the brown rotogravure types. 

A high dielectric strength is a characteristic of Gilsonite 
which is responsible for its use in many electrical com- 
pounds. 

Gilsonite is vitally different from almost all other petro- 
leum or native asphalts in its ability to mix in almost any 
proportion with waxes to form stable compounds, whereas 
only limited proportions of waxes can be incorporated in 
other asphalts to form stable compounds. It is frequently 
used in small proportions in wax-asphalt mixtures where 
it acts as a blender or carrier and prevents the separation 
of wax and asphalt. The greasiness or oiliness of some 
blown or oxidized asphalts may be decreased by adding 
a small percentage of Gilsonite either to the flux before 
blowing or to the finished blown asphalt. 

Gilsonite added to a high softening-point oxidized 
asphalt reduces both penetration and softening-point, but 
when added to a low softening-point oxidized asphalt 
reduces penetration but elevates softening-point. 

Grahamite 

Grahamite, an asphaltite, occurs in several localities in 
the United States as well as in Cuba and South America. 
It was discovered in 1863 by J. P. Leslie in West Virginia 
and named in honour of Messrs. J. A. and J. L. Graham, 
who were largely interested in the West Virginia mine. 

Deposits in Oklahoma were exploited to a very con- 
siderable extent for a number of years, but practically all 
of the Grahamite in commercial quantities at the present 
time is taken from the mines in Cuba, but even this has 
but limited use. 

Two deposits of Grahamite which occur in Trinidad, 
B.W.I., near San Fernando on the west coast of the island 
on the shore of the Gulf of Paria, are known as the Vista- 
bella and the Marbella Mines. This material has been 
referred to as Manjak, but is actually Grahamite. A num- 
ber of veins have been uncovered, the largest of which, 
known as the Vistabella Mine, measures 360 ft. hori- 
zontally and has bqen mined to a depth of 260 ft. Its 
thickness is 11 ft. at the top and increases steadily to 33 ft. 
at a depth of 200 ft. 

Grahamite is sharply differentiated from Gilsonite and 
Glance Pitch by its higher fixed carbon and the fact that 
it intumesces but does not melt upon the application of 


heat. The colour of its streak and powder is decidedly 
blacker than that of either Gilsonite or Glance Pitch. 

Grahamite varies considerably in composition and physi- 
cal properties, some deposits occurring fairly pure, whereas 
others are associated with mineral matter, running as high 
as 50%. In general, however, it complies with the analysis 
given in Table XXllI, which is taken from Abraham [1, 
1929]. 

Table XXIII 
Grahamite 


Colour in mass ..... 

Black 

Fracture 

Conchoidal to hackley 

Lustre ...... 

Very bright to dull 

Streak on porcelain .... 

Specific gravity at 77° F. : 

Black 

Pure varieties (containing less than 10% 
mineral matter) .... 

Impure varieties (containing more than 

1 15-1 -20 

10% mineral matter) .... 

M75-1-50 

Hardness, Moh’s scale .... 

2-3 

„ needle penetrometer at 77° F. . 

0 

„ consistometcr at 77° F. . 

Over 150 

Susceptibility factor .... 

Behaviour on heating in flame: 

> 100 

Variety showing a conchoidal fracture 
and a black lustre .... 

Variety showing a hackley fracture and a 

Decrepitates violently 

fairly bright to dull lustre . 

Softens, splits, burns 

Fusing-point (K. and S. method) 

350-600° F. 

(Ring and Ball method) 

370-625° F. 

Volatile at 500° F., 5 hr. 

Less than 1 % 

Fixed carbon 

30-55% 

Soluble in carbon disulphide . 

45-100% 

Non-mineral matter insoluble in CSj 

Less than 5 % 

Mineral matter ..... 

Variable (up to 50%) 

Carbenes ...... 

0 80% 

Soluble in 88° petroleum naphtha . 

Trace-50 % 

Oxygen in non-mineral matter 

0-2% 

Solid paraffins 

0-trace % 

Sulphonation residue .... 

80-95% 

Saponifiable matter .... 

Trace 

Diazo reaction 

None 

Anthraquinone reaction 

None 


Grahamites from West Virginia and Oklahoma have 
been analysed by Richardson [10, 1908], who gives the 
results shown in Table XXIV. 


Table XXIV 
Grahamite 



Oklahoma 

West 

Virginia 

Physical properties 



Specific gravity, 78° F./78° F., original , 
substance, dry 

M71 

M37 

Colour of powder or streak. . . i 

Black 

Black 

Lustre 

Dull 

Dull 

Structure 

Uniform 

Uniform, 

Fracture ] 

Hackley 

friable 

Irregular 

Hardness, original substance 

Brittle 

2 

Odour 

None 

None 

Softens 

Intumesces 

Intumesces 

Flows 

Intumesces 

Intumesces 

Penetration at 78° F 

0 

0 

Chemical properties 

Dry substance : 

Loss, 325° F.. 7 hr 

+01% 


Loss 400° F., 7 hr. (fresh sample) 

+0-5% 


Bitumen soluble in CS 2 , air temperature 

94-1% 

9ri% 

Difference 

0*2% 

01% 

Inorganic or mineral matter 

5-1% 

2-1% 


100-0% 

100-0% 
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Table XXIV (cont.) 



Oklahoma 

West 

Virginia 

Chemical properties 

Malthenes : 

Bitumen soluble in 88° naphtha, air 
temperature 

0*4% 

3*3% 

This is per cent, of total bitumen 

0*4 

3*37 

Per cent, of soluble bitumen removed 
by sulphuric acid .... 

25*0 


Per cent, of total bitumen saturated 
hydrocarbons .... 

0*32 


Bitumen soluble in 62° naphtha . 

0-7% 

3-4% 

This is per cent, of total bitumen 

0*7 

3*47 

Carbenes : 

Bitumen insoluble in carbon tetra- 
chloride, air temperature . 

68*7% 

55*0% 

Bitumen insoluble in hot carbon tetra- 
chloride ..... 

48*6% 

1-3% 

Bitumen yields on ignition: 

Fixed carbon ..... 

j 

53*3% 

41*0% 

Ultimate composition: 

Carbon ...... 


86*56% 

Hydrogen ..... 


8*68% 

Sulphur ...... 


1*79% 

Difference ..... 


2*97% 



io6*oo% 


Grahamite is found in several localities on the Island of 
Cuba, especially in the provinces of Pinar del Rio and 
Santa Clara. Under Cuban Asphalts below will be found 
analyses of materials taken from the Ana Maria and La 
Esperanza deposits which probably are typical of Cuban 
Grahamite. 

Table XXV 

Grahamite from Vistabella Mine in Trinidad 

Colour in mass ..... Black 
Homogeneity . .3 distinct types recog- 

nizable 

Fracture ...... Types 1 and 2, hacklcy; 

type 3, conchoidal. 

Lustre Types 1 and 2 dull; type 

3 bright. 

Streak ...... Black 

Specific gravity, at 77° F. . 1170-1-175 

Hardness, Moh’s scale .2 

„ penetrometer .0 

On heating in flame .... Softens, splits, and burns 

Fusing-point (K. and S. method) . . 350-438° F. 

„ (R. and B. method) . . 370-460° F. 

Fixed carbon 3 1 -5-3 5 0 % 

Solubility in carbon disulphide . 91*7-96 0% 

Non-mineral matter insoluble 0*9-1 *2% 

Free mineral matter .... 4 0-6-4, averaging about 

5*7% 

Mineral matter combined with non- 
mineral constituents . . . 1*15% 

Carbenes About 40 % 

Solubility in 88° petroleum naphtha: 

At 100-ft. level 12*8% 

At 140-ft. level 15*2% 

At 200-ft. level 18*5% 

At 200-ft. level, softer material in centre 56*0 % 

Moisture 0*2-1 *0% 

Carbon 84*0% 

Hydrogen 5*7% 

Sulphur 30-3*8% 

Nitrogen 2*2% 

Note: The material resembling glance pitch obtained from the 
centre of the vein at the 200-ft. level fused at 280° F. (K. and S. 
method). 


Abraham’s [I, 1929] analysis of Grahamite from the 
Vistabella Mine on the Island of Trinidad is given in 
Table XXV. 

Two deposits of hard asphaltite arc found in Mexico 
near the town of Papantla in the State of Vera Cruz, which, 
although they have some of the characteristics of Gilsonite, 
cannot be so classified because of the high fixed carbon 
content, low per cent, soluble in ethyl ether, and frequent 
absence of a definite softening-point. 

One of the deposits is known as Papantla after the nearby 
town, and the other is called Espinal. Analyses of samples 
taken from these deposits are given in Table XXVI. 


Table XXVI 
Mexican Grahamite 



Papantla 

Espinal 

Character of fracture 

Conchoidal 

Conchoidal 

Colour of streak .... 

Black 

Black 

Odour on heating .... 

Asphaltic 

Asphaltic 

Specific gravity at 60° F. . 

1*113 

1*145 

Softening-point over mercury . 

286° F. 

Over 500° F. 

Bitumen soluble in CSj . 

99*12% 

99*22% 

Mineral matter .... 

0*62% 

0*58% 

Difference ..... 

0*26% 

0*20% 

Bitumen soluble in ethyl ether . 

40*98% 

19*45% 

„ „ 86° naphtha 

30*37% 

9*22% 

Fixed carbon ..... 

23*00% 

35*90% 

Sulphur ..... 

8*42% 

6*91% 


Several deposits of Grahamite are known in the Repub- 
lic of the Argentine. In Mendoza Province there occurs an 
asphaltite which is probably a Grahamite. The ash from 
this material carries almost 40% vanadium oxide. 

A peculiar type of Grahamite occurs in Neuquen Pro- 
vince on the eastern slope of the Andes Mountains. 
Abraham [1, 1929] describes the material as follows and 
gives the analysis shown in Table XXVII. 

Table XXVII 

Grahamite from Neuquen Province^ Argentine 

Colour in mass ..... Black 

Fracture Conchoidal 

Lustre Bright 

Streak Black 

Specific gravity at 77° F. . . . 1*135 

Fusing-point (K. and S. method) . . About 625° F. 

Behaviour on heating in flame . Decrepitates violently 

Soluble in carbon disulphide . . 53*35% 

Non-mineral matter insoluble . . 46*40% 

Mineral matter ..... 0*25 % 

lj00;^% 

‘This asphaltite fluxes with great difficulty with resi- 
dual oils derived from asphaltic and semi-asphaltic 
petroleums, which necessitates the mixture being heated 
to 500° F. for several hours. During this treatment the 
“non-mineral matter insoluble” undergoes depolymeri- 
zation until it all eventually goes into solution. On 
the other hand, it fluxes quite readily with linseed oil 
on heating to 500° F. This Grahamite is unusual, in 
that although half is insoluble in carbon disulphide, yet 
it may be fluxed completely as described. It is apparently 
on the border-line between true Grahamite and Imp- 
sonite.’ 

A number of deposits of asphaltite are also found in 
Neuquen Province, Argentine, which are produced under 
the name of ‘Rafaelite’. From the data given in Table 
XXVIII it will be noted that the properties of these 
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materials approach those of certain grades of Gilsonite 
except as to specific gravity, sulphur, and fixed carbon 
content. 

Table XXVIII 


Rafaelite from Argentine 


Specific gravity . 
Softening-point (over mercury) 
Bitumen (soluble in CS.) 
Mineral matter . 

Difference 

Fixed carbon 

Streak on porcelain 

Bitumen soluble in 86° naphtha 

Bitumen soluble in ethyl ether 

Sulphur .... 


1 099-1 -103 

380° F.-over 400° F. 

98*7-99*7% 

0*4-00% 

0-9-0-3% 

29-6-29-8% 

Brownish-black to black 
33-6-35-2% 

41 •2-42-5% 

2-2-2-9% 


No extensive use of Grahamite has been made in recent 
years. Formerly the pure variety from Oklahoma was 
widely employed, after blending it with petroleum resi- 
duum, in the production of compounds possessing a rub- 
bery nature. These compounds were used for pipe coating, 
for roofing felts, as waterproofing material, and for filling 
expansion joints in rigid types of paving construction and 
concrete structures. 

Some varieties from Cuba when mixed with other 
asphalts have been used at various times for street- and 
road-paving purposes. 

While Grahamite does not melt when heated alone, it 
can be fluxed with certain types of petroleum residuum at 
temperatures around 500'’ F. Such treatment softens and 
modifies it into a rubbery compound. Mixtures so pre- 
pared are soluble in the usual complete solvents for bitu- 
men, but may be expected to ‘liver’ badly in petroleum 
naphtha. These characteristics resemble very closely those 
of oxidized petroleum asphalts by which the fluxed Gra- 
hamites have been quite generally superseded. 


Cuban Asphalts 

A variety of native asphalts, which range in charac- 
teristics from the Grahamitic to the Gilsonitic types, occurs 
widely distributed over the Island of Cuba. In those of 
the latter type the sulphur and fixed carbon content and 
specific gravity are almost invariably higher, while the 
bitumen content is generally lower than for Gilsonite from 
other localities. 

Although the deposits are numerous and cover a wide 
area, they do not seem to exist in definite vein formation 
but rather in disconnected pockets. Some of the deposits 
are actually mined from beneath the sea. 

Data concerning the properties of asphalts from nine 
different Cuban deposits are given in Table XXIX. 


Glance Pitch 

An asphaltite, known as Glance Pitch and marketed 
imder the name of ‘Manjak’, was first reported on the 
Island of Barbadoes in 1750. The name ‘Manjak’ was 
later also used to designate Grahamite obtained in Trini- 
dad. Barbadoes glance pitch varies in characteristics from 
the top to the bottom of the deposits, being hard and brittle 
at the top and quite soft at the bottom. Table XXX gives 
an analysis of this material which was made by Richardson 
[10, 1908]. 

A deposit of glance pitch of commercial importance is 
found about 100 miles south-west of Bogota in the State 
of Tolima, Republic of Colombia. Abraham [1, 1929] 
gives the analysis shown in Table XXXJ 


Table XXIX 
Cuban Asphaltites 


Province .... 

Santa 

Clara 

Santa 

Clara 

Santa 

Clara 

Camaguey 

Mine .... 

6th de 
Febrero 

La Es- 
peranza 

La Es- 
peranza 

Coto San 
Marcos 

Year .... 

1934 

1934 

1934 

1934 

Character of fracture . 

Hackley 

Conch. 

Conch. 

Hackley 

Colour of streak 

Dark 

brown 

Dark 

brown 

Black 

Black 

Softening-point over mercury 

4or F. 

Over 

500® F. 

324° F. 

424° F. 

Specific gravity at 60® F. 

M62 

1-172 

1-140 

1-138 

Soluble in CS, . 

98-5% 

98-1% 

98-2% 

97-0% 

Mineral matter (ash) . 

1-3% 

1-3 ®/„ 

1-4% 

2-4% 

Difference 

0-2“% 

0-6% 

0-4 °/o 

0-6% 

% bitumen soluble 





in CCl, .... 

99-8% 


99-4% 

99-8% 

in ethyl ether . 

22-4% 

29-6% 

33-0 °/« 

19-1% 

in 86® naphtha 

14-1 “/o 

22-3% 

22-6% 

9-5% 

Fixed carbon 

30-7% 

41-0% 

24-1% 

31-2% 

Sulphur . 

Hardening power (parts by 
weight): 

8-9% 

6-2% 

9-3% 

8-2®./ 

Sample .... 

100 

100 

100 

100 

Asphalt of 10 pen. at 77° F. 

150 

1 212 

50 

170 

Mixture softening-point (R. 





and B.) ... 

248° F. 

247° F. 

252° F. 

248° F. 

Penetration 115® F., 200 g., 





5 sec. .... 

9 

12 

10 

8 


Province . 

Santa 

Clara 

Santa 

Clara 

Pinar 
del Rio 

Matan- 

zas 

Pinar 
del Rio 

Mine 

Santa 

tloisa 

Ana 

Maria 

Santa 

Julia 

Bahia 
dc Car- 
denas 

San Juan 
Bautista 
(Muriel) 

Year 

1934 

1934 

1934 

1934 

1934 

Character of fracture 

Hackley 

HacUcy 

Laminar 

to 

conch. 

Conch. 

Hackley 

Colour of streak 

Softening-point over 

Dark 

brown 

Dark 

brown 

Dark 
brown 
to black 

Black 

Dark 

brown 

mercury 

Specific gravity at 

376° F. 

Over 

500° F. 

435° F. 

296° F. 

355° F. 

60® F. . 

1-291 

1-172 

1-160 

1-169 

1-577 

Soluble in CS, . 

77-0% 

98-7% 

99-1% 

94-6®% 

54-0% 

Mineral matter (ash) 

20-6% 

0-8% 

0-6% 

4-4% 

40-8% 

Difference 

% bitumen soluble: 

2-4% 

0-5% 

0-3% 

1-0% 

5-2% 

in CC1| . 

99-8% 


99-3% 

99-8°% 

99-8% 

in ethyl ether . 

37-0% 

25-^/o 

300% 

32-4% 

43-8% 

in 86° naphtha 

2V0% 

100% 

21-3% 

25-2% 

380% 

Fixed carbon . 

31-2% 

40-3% 

37-1% 

26-1®% 

26-3% 

Sulphur . 

Hardening power 
(parts by weight): 

6-7% 

6-8% 

7-9% 

100% 

6-1% 

Sample . 

Asphalt of 10 pen. at 


100 

100 

100 


77° F. . 

Mixture softening- 


338 

163 

64 


point (R. and B.) . 
Penetration 115° F., 


248° F. 

251° F. 

247° F. 


200 g., 5 sec. 


12 

10 

8 



Table XXX 

Glance Pitch {Manjak) from Barbadoes 
Physical properties 

Specific gravity, 78° F./78° F., original substance. 


dry 1 0844 

Colour of powder or streak .... Dark brown 
Lustre ........ Lustrous 

Structure Uniform 

Fracture Conchoidal 

Hardness, original substance .... 1 

Softens 230° F. 

Flows ... .... 250° F. 

Penetration at 78° F 0° 
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Table XXX (cont.) 


Table XXXI 


Chemical Characteristics 


Glance Pitch from Colombia 


Bitumen soluble in CS*, air temperature . 99-2% 

Difference 0-5 % 

Inorganic or mineral matter . . . . 0-3 % 

100 ; 0 % 

Malthcnes: 

Bitumen soluble in 88 ° naphtha, air temperature . 26-9% 

This is per cent, of soluble bitumen . . 27*0 

Per cent, of soluble bitumen removed by H 2 SO 4 . 75 0 

Bitumen soluble in 62° naphtha . . 404% 

This is per cent, of total bitumen . . . 40*7 

Carbcncs: 

Bitumen insoluble in carbon tetrachloride, air 
temperature 1 - 2 % 

Bitumen yields on ignition: 

Fixed carbon 25*0% 

Glance pitch is intermediate between Gilsonite and 


Grahamite. It has a higher specific gravity and melting- 
point, and the colour of its streak and powder is blacker 
than Gilsonite. It is also more difficultly fusible, less 
soluble in petroleum naphtha, and has a greater tendency 
to ‘liver’ in naphtha solution. 

Several varieties of glance pitch have been marketed for 
many years, the Barbadoes (Manjak) enjoying more or less 


Fracture 

Lustre 

Streak . . . . . 

Specific gravity at 77° F. . 
Hardness, Moh’s scale 
„ penetrometer . 
Fusing-point (K. and S. method) 
Fixed carbon . . . . 

Solubility in carbon disulphide . 
Non-mineral matter insoluble . 
Mineral matter 


Conchoidal 

Bright 

Black 

M2 

2 

0 

275° F. 

26 45% 
960% 
0-7% 
3*3% 


favour in the manufacture of black varnishes and japans 
on account of its gloss and intense black colour. 

Supplies from Cuba are quite variable as the production 
there from any single vein is relatively small, is not well 
organized, and has been derived from several deposits 
without regard to any special standard of quality. It is 
sometimes offered as a substitute for Gilsonite, from which 
it differs in several important respects. However, the sup- 
ply of glance pitch from Cuba is probably better known 
than that from the West Indies or elsewhere, and is used 
to some extent, compounded with other bituminous 
materials, in the manufacture of varnish, thermo-plastics, 
and other products. 
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ASPHALTIC PRODUCTS FOR PAVEMENTS AND HIGHWAYS 

By PREVOST HUBBARD 

Past President of the Association of Asphalt Paving Technologists 


Classification and Production 

Throughout this article attention is called to the use of the 
term asphalt according to American nomenclature as dis- 
tinct from European. In the United States the term asphalt 
is confined to solid or semisolid products in which the 
predominating constituents are bitumens. While petroleum 
residua and native products, such as Trinidad asphalt, 
are thus classed as asphalts, bituminous rock is not in- 
cluded under the term. According to the British and Euro- 
pean definition, mineral matter is a necessary constituent 
of asphalt, and the term includes bituminous rock, but 
eliminates semisolid and solid petroleum residua to which 
the term asphaltic bitumen is applied. 

Asphaltic products are extensively used in liighway con- 
struction and maintenance because of their cementitious 
and waterproof characteristics, their durability or resistance 
to the destructive action of traffic and weather, and their 
ability to impart a certain degree of flexibility to the road 
structure. Asphaltic highway materials commonly manu- 
factured and marketed by petroleum refiners are shown 
in the following tabulation, together with other native 
asphaltic materials which are not a direct product of petro- 
leum refining, but are also used for highway purposes. 

I. Solids and Semisolids, 

1. Hard, brittle asphalts (which may be used in pul- 
verized form): 

(а) Refined from petroleum. 

(б) Refined native asphalts such as Trinidad and 
Cuban. 

2. Asphalt cements: 

(a) Semisolid asphalts refined from petroleum. 

(b) Fluxed native asphalts. 

II. Liquids, 

1. Residuals from petroleum refining: 

(а) For direct use as highway materials. 

(б) For fluxing hard asphalts so as to produce 
asphalt cements of any desired consistency. 

2. Viscous petroleum residuals blended with gas-oil 
distillates to produce products of lower viscosity. 

3. Cut-back asphalts — asphalt cements fluxed with 
volatile petroleum distillates. 

♦4. Asphalt emulsions : 

{a) Emulsions of asphalt cements with water. 

{b) Emulsions of liquid petroleum residuals with 
water. 

* Asphalt emulsions are fully covered in another contribution, 
and their characteristics and uses are therefore not described in detail 
in this article. 

In addition to those listed, native asphaltic materials, 
known as bituminous rock or rock asphalts, arc also used 
for highway purposes. These products, which consist pre- 
dominatin^y of mineral matter, such as sandstone or lime- 
stone, should, however, be considered in comparison with 
paving compositions produced by admixture of the other 
asphaltic materials with mineral aggregates. 


The highway industry consumes the greater part of all 
asphaltic materials produced. Manufacture of such pro- 
ducts from petroleum has developed much more extensively 
in the United States than in all other countries combined. 
Accurate world production statistics are difficult to secure, 
but for 1932 it would appear that the United States can be 
credited with about 75% of the total production from 
petroleum. 

For a number of years past the U.S. Bureau of Mines 
has collected and published records of the production and 
sale of asphaltic products, according to use by petroleum 
refineries in the United States. Table I shows such total 
production for the years 1925 to 1934 inclusive, with the 
quantity and percentage used for highways. 


Table I 

Production and Sale of Asphaltic Material from 
Petroleum in the United States 



Totaly 

Total for highways. 

For highways. 

Year 

short tons* 

short tons 

% of total 

1925 

3,079,371 

1,764,700 

55-6 

1926 

3,178,370 

1,800,180 

521 

1927 

3,458,470 

2,179,100 

55-2 

1928 

3,951,450 

2,487,642 

55-2 

1929 

4,229,384 

1 2,655,989 

56-7 

1930 

4,688,471 

[ 2,693,552 

64-8 

1931 

4,153,994 i 

2,901,851 

71-3 

1932 

4,073,870 

2,838,344 

74-8 

1933 

3,797,864 

2,500,110 

720 

1934 

4,011,033 

2,977,990 

74*2 


♦ Of 2,000 lb. 


Table II shows the production and sale of asphaltic pro- 
ducts at petroleum refineries for 1934, classified according 
to use. In this table the cut-back asphalt and emulsified 
asphalt has been credited to highway uses. The great bulk 
of these products is used for such purposes, although no 
detailed statistics arc available for classifying them. An 
appreciable amount of paving asphalt and flux is sold by 
the petroleum refiners to companies manufacturing emul- 
sions. It is estimated that the actual total of emulsified 
asphalts for 1934 was, therefore, 168,000 tons. 

During 1934, 15,679 short tons of native asphalt, valued 
at $222,372, were imported by the United States, a con- 
siderable portion of which was used for highway purposes. 
In addition, 410,453 tons of rock asphalt, valued at 
$1,762,376, were mined and sold in the United States mainly 
for highway construction and maintenance. 

Highway Uses for Asphalt 

There are various types of pavement and highway in 
which asphaltic products are used and various methods of 
construction or application, all of which have an important 
relation to the characteristics which the asphaltic material 
should possess. Highway structures in which asphalt serves 
as the principal cementing medium are known as asphalt 
roads and pavements. Where the structure consists of two 
or more courses asphalt may be used in any or all of the 
courses. The term asphalt pavement is usually applied to 
any highway structure which has a wearing course of over 
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Table II 

Production and Sale of Asphaltic Materials at 
Petroleum Refineries^ 1934 


Use I 

Short tons 

Value 

Pavements and highways: 


$ 

Asphalt cements .... 

924,135 

9,950,192 

Fluxes 

113,362 

1,153,387 

Cut-back asphalts .... 

624,183 

7,525,165 

Emulsified asphalts 

32,518 

496J14 

Road oils 

1,283,792 

10,741,998 

Total 

2,977,990 

29,867,516 

Roofing . 

751,790 

7,483,062 

Waterproofing 

110,838 

1,239,625 

Mineral rubber .... 

16,606 

314,339 

Briquetting 

37,544 

412,703 

Mastic 

i 1,155 

12,848 

Pipe coatings 

! 7,342 

107,532 

Paints, enamels, japans, &c. 

1 14,179 

193,336 

Moulding compositions 

i 11,120 

136,344 

Miscellaneous ..... 

i 82,469 

867,637 

Grand Total .... 

' 4,011,033 

1 40,634,942 
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a wearing course of 2 to 3 in. thickness upon a gravel or 
broken-stone foundation. It is commonly known as asphalt 
macadam. The mineral ag^egate of the wearing course 
should consist of a rather uniform size commercial broken- 
stone product with a maximum diameter limited to that of 
the thickness of the course and a minimum diameter about 
half its thickness. Such an aggregate, after compaction, 
contains relatively large uniformly distributed voids, thus 
permitting the asphalt binder, which is applied to the 
surface, to penetrate for the full depth and cement the 
fragments together. A relatively soft asphalt cement is 
ordinarily used for this purpose and is applied hot by 
means of a pressure distributor. The surface is then 
chinked with a smaller broken-stone aggregate and 
sealed with a light application of hot asphalt cement and 
mineral cover. 

Mixed types of asphalt pavements may be constructed 
with a great variety of mineral aggregates and asphaltic 
binders, and the mixtures may be prepared and laid in 
various ways. The simplest and crudest method of pre- 
paring the mixture, widely used in low-cost secondary high- 
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Fig. 1 . Pavement cross-sections showing use of asphalts. 


} in. thickness, the aggregate of which is bound together 
with asphalt. Where the wearing course is less than J in. 
thick, it is usually called a surface treatment. Asphaltic 
products are also used as joint and crack fillers for brick, 
block, and monolithic pavements. Typical cross-sections 
of pavements in the construction of which asphalt is used 
are shown in Fig. 1 . 

Surface treatments are made by applying liquid residuals, 
cut-backs, or emulsified asphalts to an existing road surface 
by means of a pressure distributor. When the object of 
treatment is merely to lay dust on an earth, gravel, or 
macadam road a cheap liquid residual of low viscosity and 
high penetrating properties may be used. Such a product 
will be largely absorbed by the road surface and may 
require no cover coat of mineral aggregate. When the 
treatment is made to produce a thin mat or carpet coat 
over the road, a cut-back asphalt or very viscous liquid 
residual is best adapted for use. If the existing road is not 
of a bituminous type, the surface should first be primed 
with a liquid asphaltic product of very low viscosity. After 
application of the mat-forming asphaltic product, the sur- 
face is covered with a light dressing of stone chips, pea 
gravel, or sand which is thus bound to the underlying road. 

The penetration type of construction is usually laid as 


way construction, consists in first spreading the loose 
aggregate over the roadway and applying the asphaltic 
material by means of a pressure distributor, after which 
the aggregate and binder are mixed in place on the road 
by means of grader blades, drags, or special road-mbdng 
equipment. The method used in high-type pavement con- 
struction is known as plant mix. It most frequently in- 
volves heating and drying the mineral aggregate as well as 
the asphaltic binder, after which the two are combined in 
predetermined proportions and thoroughly mixed in a 
mechanical mixer before being placed and compacted on 
the road. Some mixtures can only be placed and com- 
pacted while hot, while others are designed to be laid cold. 

Open-type mixtures are prepared with a mineral aggre- 
gate in which, after compaction, there is a high percentage 
of relatively large voids, a condition somewhat like that of 
the asphalt macadam. In such mixtures the mineral aggre- 
gate should consist of relatively coarse angular fragments 
which interlock under compression so as to produce high 
structural strength. A commercial broken-stone product 
is most commonly used, but the maximum diameter is 
usually limited to li or IJ in. It has been found essential 
to coat such an aggregate with as thick a film of asphalt 
as it can carry in the loose state without loss due to drainage 
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from the surfaces. In road-mix construction, such films 
are secured by use of a low viscosity cut-back asphalt con- 
taining a very volatile distillate. For plant-mix construc- 
tion a similar type of cut-back of higher viscosity is used, 
or else the dry but not hot aggregate is first sprayed with 
a volatile distillate, after which it may be mixed with a 
relatively soft asphalt cement and the mixture laid cold. 
Preheating the coarse high-void aggregate to a temperature 
sufficiently high for it to be mixed directly with an asphalt 
cement will not permit it to retain a sufficiently thick film 
to produce a durable paving mixture. The surface of all 
open-type mixtures after compaction as a wearing course 
should be sealed by suitable means, as in the case of asphalt 
macadam. 

Close-type mixtures are prepared with mineral aggregates 
so graded from coarse to fine that after compaction the 
voids are low in quantity and small in size. Such aggregates 
will carry a sufficiently high percentage of asphalt to pro- 
duce dense waterproof mixtures when compacted. The 
maximum size of particle in the graded aggregate should 
always be less than the thickness of the compacted course 
of pavement, and in some types of mixtures is less than 
i-in. diameter. For road-mix construction it is desirable 
that the aggregate contain a substantial proportion of 
broken stone or gravel coarser than sand. A special type 
of cut-back asphalt is best adapted to produce a road mix, 
although liquid residuals are often used. For cold-laid 
plant mix with such aggregates the same types of asphaltic 
products, but of somewhat higher viscosity, are used. 
Hard, powdered asphalt may often be advantageously in- 
corporated in mixtures produced with liquid residuals. For 
hot-laid plant-mix construction the preheated aggregate 
is combined directly with hot asphalt cement. When the 
mixture contains an appreciable proportion of mineral 
particles coarser than sand, it is known as asphaltic con- 
crete. When sand is the coarsest mineral constituent it is 
known as sheet asphalt. Close-graded hot-mix asphaltic 
concrete, with maximum-size particle of not over J in., is 
used in the manufacture of block and tile for paving pur- 
poses. The hot mixture is moulded under high pressure 
in specially designed presses, and the finished product is 
known as asphalt block. 

Asphalt is used in a variety of ways to fill and waterproof 
joints and cracks in brick, block, and monolithic pave- 
ments. When the joint spaces are narrow, as in the case 
of brick, they are often filled directly with hot asphalt 
cement. For wider joints such as exist in stone block pave- 
ments, a mixture composed of approximately equal parts 
by volume of hot sand and asphalt cement is used, or else 
a mineral-filled asphalt prepared by the refiner consisting 
of asphalt cement carrying in suspension a substantial 
quantity of very finely divided mineral matter. Wide ex- 
pansion joints which are constructed in monolithic pave- 
ments are often filled with preformed joint compositions 
consisting of oxidized asphalt, mixtures of asphalt with fine 
mineral aggregate, sawdust, cork, felt or fibrous material, 
and in some cases reinforced with asphalt saturated fabric. 
Asphaltic bedding-courses for brick and block pavements 
consist of mixtures of sand with asphalt cement laid hot or 
sand mixed with liquid asphaltic products laid cold. 

Asphalt Cements 

The term asphalt cement as here used is in accord with 
the standard definition of the American Society for Testing 
Materials as follows: ^Asphalt Cement , — A fluxed or un- 
fluxed asphalt specially prepared as to quality and con- 


sistency for direct use in the manufacture of bituminous 
pavements, and having a penetration at 25° C. (77° F.) of 
between 5 and 250, under a load of 100 g. applied for 
5 seconds.’ If the product has a lower penetration than 5, 
it is generally known as hard asphalt, and if its penetration 
is more than 250, under the stated conditions of tempera- 
ture, load, and time, but of not more than 350 at 25° C. 
iJT F.) under a load of 50 g. applied for 1 sec., it is known 
as soft asphalt. 

Asphalt cements are manufactured for use in the paving 
industry in a number of grades defined by penetration 
limits. In American practice it has been found satisfactory 
from the consumers’ standpoint to accept asphalt cement 
of any penetration, coming within the penetration limits 
set for the particular grade required, although the manu- 
facturer is supposed to produce material as close as 
practicable to the midpoint of each grade. For asphalt 
pavement construction the U.S. Bureau of Standards in 
Simplified Practice Recommendation no. 4 has established 
the following ten grades, which have been found to meet 
the great bulk of consumer requirements and have been 
accepted by the asphalt producers. 

Grades of Asphalt Cement for Paving as defined by 
Penetration Limits 

{IT R. 100 g., 5 sec.) 

25 to 30 60 to 70 100 to 120 

30 to 40 70 to 85 120 to 150 

40 to 50 85 to 100 150 to 200 

50 to 60 

Most of the asphalt cements for paving purposes manu- 
factured to meet these requirements are produced by the 
direct distillation or reduction of selected crude petroleums. 
In some cases, however, the petroleum refiner may distil 
down to a product of lower penetration than that of the 
particular grade desired and then flux the resultant hard 
asphalt with a selected non-volatile liquid petroleum resi- 
duum or high-boiling distillate. Refined native asphalts are 
usually so hard that they must be fluxed to bring them 
within any of the penetration limits set for asphalt cement. 

For the manufacture of asphalt block, asphalt cements 
of 25 to 30 or 30 to 40 penetration are used, and sometimes 
those running as low as 10 penetration. For hot-mix pave- 
ments, grades of 40 to 50 and 50 to 60 penetration are most 
commonly used in sheet asphalt and other mixtures in 
which the predominating mineral constituent is sand; and 
for hot-mix asphaltic concrete, where the predominating 
mineral constituent is coarser than sand, the 50 to 60 and 
60 to 70 penetration grades are in most demand. Softer 
grades up to 150 penetration are used in the construction 
of asphalt macadam pavements, and the 150 to 200 pene- 
tration grade is sometimes used for surface treatment. For 
the preparation of cold-laid open-type paving mixtures, 
when, before mixing, the aggregate is sprayed with a vola- 
tile distillate, the 85 to 100 penetration grade is most 
frequently specified. 

The consistency or hardness of an asphalt cement is an 
important property affecting its suitability for use in the 
various types of asphalt pavements which have been de- 
scribed. The penetration test at 77° F. has come to be the 
generally accepted method of rating its consistency, but 
the importance of the unit of measuring penetration is 
commonly over-estimated. Consistency, hardness, or pene- 
tration of any asphalt cement is a variable depending upon 
its temperature and products of the same penetration at 
77° F. produced from different sources, and by variations 



ASPHALTIC PRODUCTS FOR PAVEMENTS AND HIGHWAYS 


in refining processes may show widely different penetra- 
tions at other temperatures. Temperature susceptibility is 
sometimes limited in specifications for certain grades of 
asphalt cement by a requirement covering maximum per- 
missible penetration at an elevated temperature and mini- 
mum permissible penetration at a lower temperature than 
IT F. Various methods have been devised for the purpose 
of evaluating temperature susceptibility on a comparative 
basis covering all penetration grades of asphalt throughout 
the temperature range to which they will be subjected under 
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by the United States and British Governments for asphalt 
paving cements. 

It is seen that although there is considerable variation 
in characteristics of the individual asphalt cements in 
Table III, they all come within specification requirements 
of Table IV for the grade represented by 40 to 50 penetra- 
tion limits. Prior to the more recent developments in re- 
finery cracking operations under pressure, asphalt cements 
recovered from cracked residual base stock were elimi- 
nated by the usual solubility requirements in specifications. 


Table III 

Typical Characteristics of Petroleum Asphalt Paving Cements 
40-50 Penetration 


Source 

Sp. gr. 60/60" F. . . . 

Flash-pt. ° Fm Open Cup . 

Softening-pt. " F., Ring and Ball 
Furol vis. 300° F. . . . 

Pen. IT F., 100 g.. 5 sec. . 

Pen. 32" F., 200 g., 1 min. . 

Pen. 115° F., 50 g., 5 sec. . 

Ductility 77° F. . . . 

Loss 325° F., 50 g.. 5 hr.. % 

Pen resid. 77° F., 100 g., 5 sec. 

Sol. CS,. % . . . . 

Sol. ecu, % . . . . 


Mex. i 

Vene- | 
ztielan ' 

1 056 i 

1043 1 

552° j 

317" i 

133° 1 

128° 1 

191 

1 169 1 

47 

45 1 

17 

i 15 1 

198 

1 217 , 


. i luu-j' JUU-h 

. j 004 , 0-21 

42 37 i 

99-9 ; 99*8 I 

99-8 ! 99-8 ' 


Columb. 1 

Mid.- 

1 

1 

Calif 

SI. Ox. ! 

Cont. 

i Calif 

SI. Ox. 

1 020 ; 

1012 

i 1021 

1020 

632° 1 

585° 

1 578° 

445° 

134° ; 

128° 

1 123° 

135° 

203 1 

96 

1 74 

137 

40 1 

47 

41 

41 

14 

13 

; 7 

16 

161 1 

242 

' Too soft 

183 

1001 " 1 

100 + 

; 100 + 

100 + 

002 1 

003 

000 

019 

37 i 

38 

38 

38 

99-9 ! 

99-8 

1 99-9 ! 

99.9 

99-8 

99-8 

99-8 1 

99-8 


Table IV 

Specifications for Petroleum Asphalt Paving Cements 









British 

Specification 


United States Federal Specificatiotis SS. A-706 


Standard 

De.\ignation 

AP. 1-25 

AP. 2-25 

AP. 3-25 

AP. 5-25 

AP. 6-25 \ 

AP. 7-25 

As. bitumen 

Sp. gr. 60° F. ....... . 

Sp. gr. 77/77° F 

• . 

1 000 + 

“ 'T ‘1 

lOOOf 

1 000 }- 

•• 

1010 + 

1010 + 

1 010 + 

1 00-1 06 

Flash-pt. ° F., Open Cup 

347° + 

347'-’ + 

347° + 

347° + 

347° + 

347° + 

347° + 

Softening-pt. ° F., Ring and Ball .... 

95°-13r 

95°-13r 

0 

1 

0 

0 

104°-140° 

104°-140° 

113°-149° 

113°-150° 

Pen. 77° F., 100 g., 5 see.* 

120-150 

100-120 

85-100 

60-70 

50-60 

40-50 

i 30-80* 

Ductility 77° F. 




40 + 

40 + 

40 + 

i 40 + 

Loss 325° F., 5 hr., % 

10 - 

10 - 

10 - 

10 - 

10 - 

10 - 

20 - 

Pen. resid., % original pen 

600 + 

600+ i 

600 + 

600 + 

60-0 + 

60-0+ 1 

60*0 + 

Sol. in CS,, % . 

99-5 + 

99*5+ ! 

99*5 + 

99-5 + 

99-5 + 

99-5 + 

99-5 + 

Org. insol. CSj, % 

Mineral matter, % 

02 - 

0 - 2 - i 

! 

0 - 2 - 

0 -2- 

1 

0 - 2 - 

6-5- 


♦ British Standard Specifications state: ‘The Engineer shall specify a penetration figure for the asphaltic cement within the limits set out 
in the table and no material shall be used which varies more than plus or minus 5 points from the penetration figure so specified, that is the 
range of variation shall not exceed 10 points.* 


service conditions. This, however, is a difficult matter, due 
to the wide variations in consistency of such products at 
maximum and minimum service temperatures and the 
limitations of all commonly used tests for measuring con- 
sistency. This subject will be more fully covered later in 
this article. 

When straight reduction of a given crude produces an 
asphalt cement of high susceptibility, this susceptibility may 
often be reduced by moderate oxidation or blowing near 
the end of the distillation process without markedly re- 
ducing the ductility of the asphalt. Moderate oxidation 
may therefore sometimes be advisable as a manufacturing 
process, although highly oxidized, low ductility products 
are usually eliminated in specifications for asphalt paving 
cements. 

Table III shows the results of commonly used tests on 
asphalt cements produced from various sources, and 
Table IV gives typical specification requirements adopted 


Under modern processes it is, however, quite possible to 
crack both reduced crudes and overhead, so that when the 
liquid cracked residual is further reduced to asphalt cement 
it can meet just as rigid solubility requirements as the 
straight-reduced cements. Such products are, however, 
viewed with suspicion by the highway engineer, as the 
earlier cracked asphalts proved to be unsatisfactory and 
the more recent ones have not as yet demonstrated their 
suitability for long-life high-type pavement construction. 

Where it is desired definitely to eliminate all asphalts 
produced by cracking processes, reaction to the Oliensis 
Spot Test (cf. Analysis and Testing section) is included 
in specifications. Briefly described, this test consists in 
treating a small sample of the asphalt with a special type 
of naphtha in definite volume proportions and then 
placing a drop of the mixture on a filter-paper. The stain 
produced in the case of cracked asphalts consists of a well- 
defined spot or nucleus of black solid material, surrounded 
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by a lighter uniform discoloration of the paper as shown 
in Fig. 2, A. In the case of straight-reduced asphalts, where 
temperature conditions during refining have not been severe, 
a uniform stain free from any nucleus or annular ring is 
produced as in Fig. 2, b. Between these two extremes 
variable typ>es of stains may be noted, the significance 
of which is questionable, but which are probably related 
to the heat treatment to which the product has been 
subjected during manufacture. Thus a central spot or 
nucleus, free from solid material, but somewhat darker 
than the surrounding area, may be formed, and in some 
cases such a spot may be surrounded by a thin fringe 
or ring of solid material. Such stains do not identify a 
definite pressure-cracking process, but may indicate more 
severe temperature conditions during refining than in the 
case of a clean, uniform stain. The nucleus of black, solid 
material only should be considered as positive identifica- 
tion of asphalt produced by a definite cracking process. In 
such cases, asphalts formed by cracking overhead stock 
usually show a yellowish-brown stain surrounding the 
nucleus, while those produced by cracking reduced crudes 
show a light chocolate-brown stain in the outer area. While 
this test, which is described in further detail in the following 
paragraph, may be useful for the purpose above described 
as applied to asphalt prior to use, it should be noted that 
asphalts in general are sensitive to the action of sunlight 
and that thin films exposed to light for protracted periods 
undergo alterations in chemical and physical structure. 
Asphalt so exposed will sometimes react positively to the 
spot test, although the original product as delivered from 
the refinery may have reacted negatively. 

Oliensis Spot Test. The naphtha solvent should be a 
straight-run overhead distillate free from cracked products 
of any kind, with an API. gravity of 49 to 50 and an aniline 
num^r of 138 to 145T. Upon distillation the I.B.P. 
should be above 300° F. and E.P. below 410° F., with 50% 
over between 335 and 355° F. A weight of asphalt equi- 
valent to 2 ml. is placed in a 25-ml. Erlenmeyer flask, and 
is cautiously heated in the flask on a hot plate till it flows 
out over the bottom. After cooling, 10-2 ml. of solvent are 
added; a stopper fitted with an 8-in. length of J-in, glass 
tubing is quickly inserted into the neck of the flask; the 
contents of the flask are swirled with a rapid circular 
motion for 5 seconds, and the flask is immediately immersed 
in a bath of gently boiling water (unless the sample is a thin 
liquid, in which case the heating bath is unnecessary). The 
contents of the flask is again swirled for 5 seconds and at 
the end of each minute thereafter until complete dispersion 
takes place. If dispersion is not completed in from 6 to 
8 minutes, the test shall be repeated with the bath main- 
tained at a 25° F. lower or higher temperature (glycerine 
being substituted for the water bath in the latter case) until 
dispersion is efiected within the stipulated time. After 
complete dispersion, as judged by tilting the flask, the flask 
is allowed to cool to room temperature, and if any loss in 
weight occurs it is made up with additional solvent. A drop 
of the asphalt solvent mixture is then placed on the filter- 
paper. If the drop forms a brown or yellowish-brown 
circular stain, with a darker, solid, or annular nucleus in 
the centre, the test shall be reported as "Positive', 

Temperature Susceptibility. In general the temperature 
susceptibility of an asphalt cement within the range of 
ordinary atmospheric temperatures seems to be best indi- 
cated by the relation between its penetration and soften- 
ing-point. Thus, for a given penetration, the higher the 
softening-point the lower the susceptibility. Holmes, Collins, 
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and Childs have developed a general relationship between 
these two properties for straight-reduced asphalts from a 
large number of crude sources, expressed by the equation 
M = A'P", where M is the Ball and Ring softening-point, 
P the penetration, and a and k constants, depending upon 
the source of the asphalt and the temperature at which 
penetration is measured. From data secured in their investi- 
gations they have constructed a chart (see Fig. 3) which is of 
considerable interest in numerically rating temperature 
susceptibility by means of a Softening-point Penetration 
Index. (‘Measuring the Susceptibility of Asphalt to Tem- 
perature Changes’, by A. Holmes, J. O. Collins, and 
W. C. Childs. Paper presented before the American 
Chemical Society, Petroleum Division, 22 April 1935.) 



0 10 20 30 40 SO 60 70 60 00 100 


softening point- penetration index 

Fig. 3. 

In this chart straight-reduced asphalts from heavy Mexi- 
can crude which have a relatively low susceptibility were 
arbitrarily established as 100 on the index scale, and 
asphalts produced as residues from the cracking of gas oil, 
which are highly susceptible to temperature changes, were 
chosen to represent the 0 on the index scale. It is claimed 
that straight-reduced asphalts from any given source will 
usually locate between typical indices for the source. The 
chart may therefore prove useful in roughly indicating the 
source of asphalts, or, if the source is known, it will indicate 
whether or not and to what extent the asphalt has been 
oxidized. 

Thus, for example, the straight-reduced California as- 
phalt in Table III, which has a penetration of 41 and a 
softening-point of 123° F., shows an index of approxi- 
mately 20, while the oxidized California asphalt, with a 




Fig. 5. Laying asphalt mixture \vith mechanical spreader 





ASPHALTIC PRODUCTS FOR PAVEMENTS AND HIGHWAYS 


2733 


penetration of 41 and a softening-point of 135° F., shows an 
index of 85, being almost as high as the Mexican asphalt. 

Hard Asphalts and Fluxes 

In the early days of the asphalt paving industry it was 
quite common for contractors engaged in the manufacture 
of hot-laid paving mixtures to combine hard asphalt 
cements with flux so as to control the penetration of the 
product within any desired limits. With the old-type melt- 
ing and heating equipment asphalt cements were often 
hardened to an undesirable extent by prolonged hot storage 
and had to be softened before use by the addition of flux 
oil. With modern improvements in equipment and opera- 
tion there is now but little demand for flux to be used for 
this purpose. 

As asphalt is a natural constituent of petroleum in which 
it is held in solution, it naturally follows that it will com- 
bine readily with most petroleum products. To produce 
a stable asphalt cement which will meet the usual specifica- 
tion requirements it is, however, necessary that the flux 
should have a high flash-point and show a low loss by 
volatilization. Residual oils of suitable viscosity are there- 
fore ordinarily used as paving fluxes. The higher its visco- 
sity the greater will be the amount of flux required to soften 
an asphalt of given penetration to any definite higher 
penetration. The proper proportions of any given asphalt 
and flux to produce an asphalt cement of given penetration 
should be determined by trial on small samples before 
large-scale operation is attempted. 

Specifications for fluxes include the following require- 
ments : 

Paving Flux 

Flash-pt. ® F., Open Cup . . . 350° F.-f 

Pcnctration IT F., 50 g., 1 sec. . . 350-h 

Loss 325° F., 5 hr., % . . . 5- 

Sol. in CCI4, % .... 99 O h 

Hard powdered asphalts are now used to some extent 
in the preparation of cold-laid paving mixtures. For the 
hard asphalt to be of any value as a cementing medium it 
is necessary that the mixture contain a suitable flux which, 
after the mixture has been laid, will amalgamate with the 
powdered asphalt to produce an asphalt cement of suitable 
consistency or penetration. 

Hard asphalts are prepared at the refinery either in lump 
or powdered form. In the former case they are ground to 
a relatively line state of subdivision before incorporation 
in the paving mixture. Hard native asphalts, such as refined 
Trinidad Lake and Cuban asphalt, are prepared in this 
manner in addition to petroleum asphalt. Most of the 
powdered petroleum asphalts are produced from cracked 
base stock or are blends containing cracked asphalt. With 
such products it is extremely important to use a carefully 
selected flux, as many fluxes which might be satisfactory for 
uncracked asphalts will not produce homogeneous asphalt 
cements when combined with cracked asphalts. As these 
relationships cannot at present be accurately covered in 
specifications for the individual constituents, it is advisable 
for the refiner who produces powdered asphalt to also 
manufacture a special flux for use with it. Such flux may 
be prepared from the cracked base stock from which the 
hard asphalt is derived. 

In using powdered asphalt and flux to prepare a paving 
mixture, it is customary to first coat the mineral aggregate 
with flux and then incorporate the powdered asphalt. As 
amalgamation of asphalt and flux is not effected for some 
time after the mixture has been made, it is essential that 


the flux have a sufficiently high viscosity so that it will 
not drain off the mineral aggregate, but will remain uni- 
formly distributed throughout the mixture. The propor- 
tions of asphalt and flux incorporated in the mixture are 
selected to produce, after complete amalgamation, an 
asphalt cement of any desired penetration. 

Cut-back Asphalts 

The term cut-back asphalt is commonly used to describe 
products consisting of asphalt cement fluxed or thinned 
with a volatile distillate. The function of the distillate is 
to temporarily liquefy the asphalt cement so as to facilitate 
its application and manipulation in highway treatment and 
construction. The distillate should be of such nature that 
after it has served this purpose it should separate from the 
mixture, leaving the asphalt cement in place as a bonding 
and waterproofing medium. 

The hardening characteristics of cut-back asphalts or the 
rapidity with which they may be expected to revert to an 
asphalt cement, after application or use, depends upon the 
amount and character of the distillate which is present and 
upon conditions attending their use. The more volatile the 
distillate the more rapid will be the rate of hardening, other 
conditions being the same. However, the rate of hardening 
is also governed by the amount of distillate present, those 
containing a large amount of distillate hardening more 
slowly than those containing a smaller amount. Thus, 
when made from the same constituents, the more fluid 
products, under normal atmospheric conditions, require a 
longer time to revert to an asphalt cement than do the 
more viscous products. 

The degree of fluidity of a cut-back asphalt is largely 
a function of the amount of distillate used in its prepara- 
tion. Starting with a given asphalt cement, the more dis- 
tillate present the more liquid becomes the final product. 
With a large amount of any light distillate an asphalt 
cement may be fluxed to almost water-thin consistency. 
With lesser amounts more viscous products are obtained 
of any desired consistency. In general, the harder the 
original asphalt cement, or the lower its penetration, the 
greater will be the quantity of a given distillate required to 
bring it to a given degree of fluidity. However, a marked 
difference is often found in the liquefying capacity of a 
given distillate for asphalts, of the same penetration ob- 
tained from different sources or produced by different pro- 
cesses, so that the amount of distillate present cannot be 
too intimately associated with the viscosity of the finished 
product. Failure to recognize this fact has, in some cases, 
been responsible for the development of specifications in 
which the relations between viscosity requirements, per- 
centage of distillate recovered by test, and penetration of 
the recovered asphalt have been so close as to eliminate 
many products which would be entirely satisfactory for the 
intended use. 

In general, asphalt cements of high-temperature suscepti- 
bility or low ‘Softening-point Penetration Index’ require 
less of a given distillate to reduce them to a given viscosity 
than do those of low-temperature susceptibility or high 
‘Softening-point Penetration Index’. Thus an asphalt 
cement of 60 penetration with an index of 0 may require 
but 22% of a given distillate to reduce it to a Furol viscosity 
at 122° F. of 200 sec., while an asphalt cement of the same 
penetration but with an index of 100 may require as much 
as 33% of the same distillate to reduce it to the same 
viscosity. 

For ^e special uses to which cut-back asphalts are put 
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in highway treatment and construction, products contain- 
ing asphalt cements manufactured from cracked base stock 
have frequently given a good account of themselves, so that 
they are not looked upon with as much suspicion by the 
consumer as in the case of asphalt cements for the more 
durable hot-mix types of construction. Asphalt produced 
by cracking processes will not, however, produce stable 
cut-backs with all distillates which can be used for straight- 
reduced asphalts. It therefore becomes necessary for the 
producer to carefully select a suitable distillate in so far as 
its solvent value for such asphalts is concerned. Highly 
cracked distillates are best adapted for such products and, 
as a rule, also have a higher solvent value than uncracked 
distillates for the straight-reduced asphalts. Incompatible 
mixtures of asphalt cement and distillate, while apparently 
homogeneous immediately after manufacture, sludge out 
or sometimes jell upon standing in storage. No separation 
or jelling of any sort should occur during prolonged storage. 

There are two general classes of cut-back asphalts used 
in highway work known as rapid curing and medium 
curing. The former are prepared with a naphtha-type dis- 
tillate and the latter with a kerosine or light furnace-oil 
distillate. Both rapid- and medium-curing cut-backs are 
manufactured in a number of grades defined by viscosity 
limits, just as asphalt cements are graded by penetration 
limits. Their suitability for the various uses to which they 
are put is further evaluated by their ability to yield an 
asphalt cement within specified penetration limits when 
subjected to a standard distillation test which removes all 
or nearly all of their distillate constituent at a liquid-phase 
temperature of 680*" F. Tables V and VI give typical 
specification requirements adopted by the United States 
Government and the Asphalt Institute for rapid-curing and 
medium-curing cut-back asphalts respectively. 


Table V 

Specifications for Type R.C. Asphaltic Road Materials 


specification designation j 

R.C. 1 1 

R.C. 2 1 

R.C. 3 i 

R.C. 4 

General requirement j 

The material shall be free from water and 
shall meet the following requirements when 
tested in accordance with the methods herein- 
after enumerated. 

Flash-point (Open Tag.) “ F. . j 

80 -f- 

804- 

804- 

804- 

Furol viscosity at 122” F. . 1 

80-160 

200-400 



140" F. 

Distillation. % by volume: 



275-^00 

700^1,400 

Total distillate to 374" F. 

5 + 




437" F. 

12 i- 

104- 

3 4- 

0-54- 

600“ F. 

I 25 -f- 

204- 

144- 

74- 

680“ F. 

Tests on residue from distilla- 
tion : 

40- j 

35- 

30- 

1 

25- 

Penetration 77“ F., 100 g., 5 sec. 

; 60-120 

60-120 

60-120 1 

60-120 

Ductility at 77* F. 

60-i- 

604- 

604- 1 

604- 

% soluble in carbon disulphide 

1 99-54- 

99 54- 

99-54- 

99-54- 


Table VI 




Specifications for Type M.C» Asphaltic Road Materials 


Specification designation j 

M.C. 1 1 M.C. 2 1 M.C. 3 1 M.C. 4 | M.C. 5 

General requirement 

The material shall be free from water and 
shall meet the following requirements when 

tested in accordance with the methods herein- 
after enumerated. 

Flash-point (Open Tag.) * F. . 

1504- 1504- 1504- 1504- 

Furol viscosity at 77" F. 

40-150 i5q_‘250 30C4-’500 50()-*800 

140" F. 

180" F. 

170-280 

Distillation. % by volume : 


Total distillate to 437" F. . 

IQ 2 — 2 1 — 1 *— 

ir . 10-20 8-20 16- 14- 

"I 27- 25- 25- 20- 

t 

600" F. . 

680" F. . 

Tesu on residue from distilla- 
tion: 

Penetration 77* F., 100 g.. 5 sec. 

-r/tinn 100-300 100-300 100-300 100-300 

604- 604- 604- 604- 

9954 . ^54- 99*54- 99*54- 99*54- 

Ductility at 77* F. 

% soluble in carbon disulphide 


It should be noted that all four grades of rapid-curing 
cut-back may be manufactured from a single asphalt 
cement and naphtha distillate by varying their proportions, 
and, in like manner, all five grades of medium-curing cut- 
back may be manufactured from the same asphalt cement 
and a light furnace-oil distillate. Three basic constituents 
from a single refinery may therefore produce all classes and 
grades of cut-back covered in these specifications. 

Rapid-curing cut-back asphalts are used for the surface 
treatment of highways and for open-type aggregate wearing 
courses constructed by the road-mix or cold-laid plant-mix 
method. They are not suitable for use directly on dusty 
surfaces nor with mineral aggregates containing any appre- 
ciable amount of dust, as they tend to ball in such mixtures 
and do not readily distribute themselves uniformly through- 
out such aggregates. This is largely due to their very rapid 
increase in viscosity upon exposure to atmospheric condi- 
tions. 

The R.C. 1 grade is best adapted for surface treatment 
as a seal coat or in the construction of thin, bituminous 
carpet courses with a light cover of suitable mineral aggre- 
gate free from dust. It is not intended for use as a primer 
on untreated roads, as it is apt to harden before it can 
penetrate the surfiice. Before application to non-bitu- 
minous surfaces the road should preferably be primed with 
Type M.C. 1 material. 

The R.C. 2 grade provides for a rapid-curing liquid 
product of relatively low viscosity, suitable for the prepara- 
tion of cold-patch mixtures, with open-graded mineral 
aggregate having little or no material passing the 10-mesh 
and practically none passing the 200-mesh sieve. If the 
asphaltic material is warmed prior to admixture with the 
mineral aggregate, suitable precautions should be taken to 
avoid fire hazard. The mixture should preferably be aged 
in stock piles for 24 hours or more before use. This 
material may also be used in cool weather for the type of 
construction described under R.C. 3. 

The R.C. 3 grade provides for a rapid-curing product of 
relatively high viscosity suitable for use in the construction 
of roller-compacted road-mix wearing courses, or for cold- 
patch mixtures, in which the mineral aggregate is of the 
open type, consisting principally of crushed fragments, 
maximum size not over 1 J in., and practically all of which 
is retained on a J-in. screen. The asphaltic material should 
be warmed prior to application with suitable precautions 
to avoid fire hazard. It is not intended for use with aggre- 
gate containing a high dust content. Type R.C. 2 material 
may be used for this class of construction in cool weather, 
particularly in cases where the maximum diameter of 
mineral aggregate particle does not exceed 1 in. 

The R.C. 4 grade provides for a rapid-curing product of 
high viscosity suitable for use in the construction of roller- 
compacted cold-laid plant-mix wearing courses in which 
the mineral aggregate is of the open type, consisting prin- 
cipally of crashed fragments, maximum size not over IJ in. 
and practically all of which is retained on a i-in. screen. 
It is particularly adapted for use under conditions where 
the mixture is to be laid and compacted immediately after 
mixing. The asphaltic material should be warmed prior to 
use with suitable precautions to avoid fire hazard. 

Medium-curing cut-backs are best suited for use with 
mineral aggregates of the dense-graded type. Unless of 
very high initial viscosity, it is desirable that the aggregate 
contain an appreciable amount of material finer than 200 
mesh. They are used for a special kind of surface treat- 
ment, known as priming, and in the construction of close- 
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mix wearing course by either the road-mix or cold-laid 
plant-mix method. 

Specification M.C. 1 provides for a liquid product of 
very low viscosity for cold application, suitable for use as 
a primer for initial surface treatment of road surfaces pre- 
paratory to the construction of a bituminous carpet or 
wearing course. It is readily and completely absorbed by 
earth, gravel, or broken-stone surfaces, where it hardens 
in place. While it develops considerable cementitiousness 
upon drying, it is not intended to hold a cover of stone 
chips or gravel. 

Specification M.C. 2 provides for a medium-curing liquid 
product of low viscosity suitable for use in the construction 
of traffic-compacted road-mix wearing courses in which 
the mineral aggregate is densely graded, from a maximum 
diameter of 1 in. down, with from 35 to 60% of material 
passing a 10-mesh sieve and from 7 to 14% passing a 200- 
mesh sieve. This material should ordinarily be warmed 
before application. Its viscosity increases materially after 
use so as to develop considerable cementitiousness. It is 
therefore adapted for the type of construction described, 
under severe climatic conditions. It does not, however, 
harden with sufficient rapidity to be used to best advantage 
as a binder for coarse, open, mineral aggregates free 
from dust. 

Specification M.C. 3 provides for a medium-curing liquid 
product of medium viscosity suitable for use in the con- 
struction of traffic-compacted cold-laid plant-mix wearing 
courses in which the mineral aggregate is densely graded 
from a maximum of 1 in. down, with from 35 to 60% of 
material passing a 10-mesh sieve, and from 7 to 14% 
passing a 200-mesh sieve. It is also suitable for use in the 
construction of roller-compacted road-mix wearing courses 
in which the mineral aggregate is of the open-graded type 
with a maximum diameter of not over 1 in., containing 
little or no material passing the 200-mesh, but having a 
relatively high percentage passing the 10-mesh sieve. This 
material should be warmed before application. Its vis- 
cosity increases materially after use so as to develop con- 
siderable cementitiousness, and it is therefore adapted to 
both types of construction described, under severe climatic 
conditions. 

Specification M.C. 4 provides for a medium-curing liquid 
product of relatively high viscosity suitable for use in the 
construction of roller-compacted cold-laid plant-mix wear- 
ing courses, or road-mix wearing courses in hot weather, 
in which the mineral aggregate is of the open-graded type 
with a maximum diameter of 1 in., containing little or no 
material passing the 200-mesh, but having not less than 
35% passing the 10-mesh sieve. The asphaltic material and 
sometimes the aggregate require warming before mixing. 

Specification M.C. 5 provides for a medium-curing pro- 
duct of high viscosity suitable for use in the construction 
of roller-compacted cold-laid plant-mix wearing courses, 
in which the mineral aggregate is of the open-graded type 
with a maximum diameter of 1 in., containing practically 
no material passing the 200-mesh, but having an appre- 
ciable percentage passing the J-in. screen. The asphaltic 
material and usually the aggregate require warming before 
mixing. 

Liquid Residuals 

Liquid residuals of the petroleum refinery, commonly 
termed ‘road oils’, include products of widely varying 
characteristics produced from a great variety of sources 
and in many different ways. Unfortunately there is no clear 


line of demarcation between road oils and residual fuel oils, 
as the former can always be used as fuel, and at the present 
time it is extremely difficult, if not impossible, to specify 
adequately a liquid residual in terms of commonly used tests 
so as to evaluate its usefulness for road purposes. 

Asphalt cements can be specified to possess those pro- 
perties which have been found to be desirable in a highly 
cementitious, water-resistant binder for highway structures. 
Cut-back asphalts are prepared from these asphalt cements 
with distillates which are known to separate from them and 
so leave a true asphalt in place in the road structure. They 
also can be specified with a considerable degree of assur- 
ance as to suitability for any given highway use. Liquid 
residuals, however, do not contain readily volatile distil- 
lates, and even if they carry a relatively high percentage of 
asphalt, their ability to develop this asphalt as a cementing 
material after application is difficult to evaluate because of 
the uncertain behaviour of the solvent oils which may be 
present. 

Liquid residuals for highway uses were originally graded 
and specified according to their so-called asphalt con- 
tent, or the percentage of asphalt cement of a designated 
penetration, usually 100 or 80, that they yield upon being 
subjected to a high-temperature evaporation test. Straight- 
reduced liquid residuals from California petroleum were 
first used for road purposes, and, as obtained from this 
source, it was found that their asphalt content was a rough 
measure of their viscosity. As residuals from other sources 
came on the market it was found that asphalt content was 
not a sufficiently accurate indication of viscosity, and at 
the present time it is customary to grade these products 
primarily by viscosity limits, although asphalt contents are 
also specified. 

While the original viscosity of a road oil is of importance 
from the standpoint of its manipulation in highway treat- 
ment and construction, its value as a cementing medium is 
largely dependent upon the extent to which it approaches 
the consistency of an asphalt cement after application. 
Because of the non-volatile or only partially volatile 
character of the oily bodies in which the asphalt of the 
residual is held in solution, it is evident that this asphalt 
is never made available as a true asphalt cement through 
loss of volatile constituents after application. At the same 
time, with many residuals a marked increase in viscosity is 
possible through slow evaporation of a portion of such oily 
bodies. The more recent specifications, therefore, include 
a distillation test, such as used in evaluating cut-backs, 
together with a requirement for consistency of residue from 
distillation. During the past few years, however, investiga- 
tions have shown that upon exposure in thin films to 
weather many road oils harden to a far greater extent than 
can be attributed to loss by volatilization. This is probably 
due to intramolecular reactions within the oily bodies 
which produce resinous or asphaltic constituents not 
originally present. No laboratory tests have yet been de- 
vised for determining the exact character of such changes 
or the extent to which they may be expected to occur. 

Among the liquid residual asphaltic road materials which 
have been used with varying success, the following arc 
listed to illustrate why, as a class, they exhibit such widely 
varying service characteristics: 

1. Straight residuals run to desired viscosity. 

2. Blends of straight residuals of different viscosities. 

3. Very viscous straight residuals thinned to desired vis- 
cosity with light or heavy gas-oil distillates. 
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4. Residuals produced by cracking processes. 

5. Blends of straight and cracked residuals. 

6. Very viscous cracked residuals thinned with gas>oil 
distillates. 

Of these some of the most satisfactory and also some of 
the worst behavers under service conditions are products 
manufactured by cracking processes, which in general seem 
to contain oily constituents most subject to rapid increase 
in consistency, not due to volatilization. The unsatisfactory 
materials of this type are those which lose all cementitious- 
ness, cither because of extreme hardening or the separation 
of constituent parts which were originally compatible mix- 
tures or solutions. On the other hand, straight residuals 
which contain only very stable non-volatile oily con- 
stituents may not increase in viscosity or consistency after 
application to a sufficient extent to produce desired results. 
Depending upon the experience of individual consumers 
with products most readily available to them will be found 
those who wish to eliminate all cracked residuals by their 
specifications and those who have no desire to do so. When 
the Oliensis Spot Test, previously described, is specified for 
liquid residuals, the test is usually applied to the residue 
obtained from the distillation test. 

Two general types of specifications are used for liquid 
residuals illustrated in Tables VII and VIII. The latter 
have been recommended by the United States Bureau of 
Public Roads and the Asphalt Institute. 

Table VII 


Specifications for Liquid Residual Road Materials 


Specification designation 

30% ail 

45% oil 

60% oil 

83% oil 

Specific gravity 77* F, . 

0 88 + 

0 90 + 

0-92 + 

0-95 + 

Furol viscosity, 77® F. . 

20-50 




.. .. 122® F. . 

.. .. 210® F. . 


20-50 

150-300 

200-400 

Loss 325* F., 50 g.. 5 hr. 

1 20-'35 

15-30 

10-'28* 

lo- 

Residue 100 pen. . 

1 30-35 

45-55 

60-70 

ss + 

Ductility residue 77® F. 

i 60 + 

60 + 

60 + 

60 + 

Solubility in CS, . 

j 99 5 + 

99-5 + 

99 5 4- 

99 5 + 


* 60% oil Is divided into two grades based on Loss at 32S° F. Grade 1 loss 10- 
19 and Grade 2 loss 19-28. 


Table VIII 

Specifications for Type S.C. Asphaltic Road Materials 


Specification designation | 

S.C. J 1 

S.C. 2 1 

S.C. 3 1 

S.C. 4 


The material shall meet the following require- 

General requirement 

ments when tested in accordance with the 
methods hereinafter enumerated. 

Water and sediment. % . 

2- 

2- 

2- 

2- 

Flash-point (Cleveland Open 





Cup) ® F. ... 

150+ 

200+ 

200+ 

250+ 

Furol viscosity at 77® F. 

20-150 




122® F, 


200+320 



140® F. 



150-’300 

350+550 

Distillation. % by volume: 





Total distillate to 437® F. 


2- 

2- 

2- 

600“ F. 


15- 

10- 

8- 

680® F. 

50- 

25- 

20- 

18- 

Tests on residue from distilla- 
tion; 





Float at 122® F. . 

50- 

25+ 

25 + 

25 + 

% soluble in carbon disulphide 

99 0+ 

990 + 

990+ 

990+ 


Liquid residuals are used in the surface treatment and 
construction of low-cost roads. Their principal value for 
surface treatment is to lay dust. They are also used in the 
construction of road-mix and cold-laid plant-mix wearing 
courses with dense mineral aggregate, containing a sub- 
stantial percentage of material finer than 200 mesh. In 
such construction they do not as a rule produce as durable 
results as the medium-curing cut-back asphalts. 

In Table VIII specification S.C. 1 provides for a product 
of very low viscosity suitable for cold application as a dust 
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layer. It may also be used for initial treatments in the 
progressive method of mat construction on soils or fine- 
grained aggregates where gradual improvement is to extend 
over a number of years with subsequent treatments em- 
ploying more viscous asphaltic road materials. This pro- 
duct is not intended to serve as a hardening or cementing 
medium. 

Specification S.C. 2 provides for a very slow-curing liquid 
product of low viscosity suitable for use in dry climates 
during cool weather in the construction of traffic-com- 
pacted road-mix wearing courses in which the mineral 
aggregate is densely graded, from a maximum diameter of 
1 in. down, with from 35 to 60% of material passing a 
10-mesh sieve and from 7 to 14% passing a 200-mesh sieve. 
It should ordinarily be warmed before application. This 
material may also be used in the blotter or mulch treatment 
of clay roads with a loose or floating cover of gravel 
aggregate. 

Specification S.C. 3 provides for a very slow-curing liquid 
product of medium viscosity suitable for use in dry climates 
during hot weather, in the construction of traffic-com- 
pacted road-mix wearing courses in which the mineral 
aggregate is densely graded from a maximum diameter of 
1 in. down, with from 35 to 60% of material passing a 
10-mesh sieve and up to 14% passing a 200-mesh sieve. 
It requires warming before application. 

Specification S.C. 4 provides for a very slow-curing liquid 
product of relatively high viscosity, suitable for use in dry 
climates in the construction of cold-laid traffic-compacted 
plant-mix wearing courses in which the mineral aggregate 
is densely graded from a maximum diameter of I in. down, 
with from 35 to 60% of material passing a 10-mesh sieve 
and from 7 to 14% passing a 200-mesh sieve. The asphaltic 
material and sometimes the aggregate require heating 
before mixing. 

Hot-laid Asphalt Paving Mixtures 

Hot-laid asphalt paving mixtures are used in the con- 
struction of the most durable high-type pavements and 
have a creditable service record covering a period of more 
than 50 years. The mineral aggregate is densely graded and 
bound together with asphalt cement which, for wearing 
courses, should be so proportioned that voids in the com- 
pressed mixture are reduced to a minimum. Asphalt 
cements used in their preparation are grades usually coming 
within the broad penetration limits of 40 to 70. The 
mineral aggregate usually consists of a mixture of two or 
more of the following products: commercial broken stone, 
broken slag, gravel, sand, and mineral filler such as pul- 
verized limestone. The composition of the more common 
types of these mixtures, as defined by specification limits 
recommended by the Asphalt Institute, are shown in 
Table IX. 

It will at once be noted that mineral aggregate con- 
stitutes the great bulk of all mixtures as the asphalt, repre- 
sented by bitumen soluble in carbon disulphide, falls within 
the broad limits of only 4 to 12% by weight. As the specific 
gravity of mineral aggregates is slightly more than 2i times 
that of asphalt, the actual volume proportion of asphalt in 
the compressed mixtures lies between the limits of 10 and 
26%. Even from this standpoint it is evident that the 
skeleton structure of the mixture which carries the traffic 
load is mineral aggregate. 

Hot-laid mixtures are prepared at an asphalt paving 
plant where the various aggregate constituents and the 
asphalt cement are stored, heated, proportioned, and 
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Table IX 

Composition of Hot-laid Asphalt Paving Mixtures 


Type 

Sheet asphalt 

Asphaltic concrete 

Surface 

course 

Binder 

course 

% 

Stone-filled 
sheet asphalt 

Surface 

course 

% 

Base 

course 

% 

% 

% 

Mineral aggregate 

88-90-5 

94-6 

90*5-93 

92-5 

93-6 

Pass 1| in. retained i in. . 





50-65 

.. H in. 

I in. . 





20-30 

.. li in. 

iin. . 


52-72 




M li in. .. 

fin. . 




15-25 


.. fin. 

i in. . 




20-35 

25-^ 

.. 1 in. 

10 mesh 



2()-'35 



.. i in. 

10 .. 


8-20 


5-15 

5-15 

.. i in. 

200 


15-35 




„ 10 mesh „ 

200 .. 




25-35 

1(k‘35 

.. 10 

40 .. 

l()-’40 


7-30 



40 

80 .. 

20-45 


11-40 



.. 80 .. 

200 .. 

12-32 


10-30 



.,200 (mineral filler) 

10-20 


7-12 

4-^ 


Bitumen (soluble in CS,) . 

9*5-12 

4-6 

7-9*5 

5-8 

4-7 


mixed. The principal parts of a hot-mix plant arc shown 
in Fig. 4. 

The aggregate drier usually consists of a long cylindrical 
rotating steel drum, mounted at a slight angle from the 



horizontal, and is internally fired. It not only heats the 
aggregate to the desired temperature, but removes all mois- 
ture. All aggregate constituents with the exception of 
mineral filler are run through the drier, after which they 
are passed over screens to separate them into suitable sizes 
for recombination, and each size is stored in a separate bin. 
The asphalt cement is brought to the desired temperature 
for mixing in kettles or tanks preferably heated by means 
of steam coils, and all piping should be steam jacketed. 
From the draw-off tank the hot asphalt is pumped or lifted 
by air-pressure through a steam-jacketed pipe to a draw-off 
cock for charging the asphalt weigh bucket, which is sus- 
pended on the mixing platform. Continuous circulation of 
the hot asphalt through the draw-off pipe with return to the 
draw-off tank is desirable. The mixing platform is located 
directly under the hot storage bins, and each mineral aggre- 
gate constituent is charged separately into a weigh box 
which holds the total charge for a batch. After the batch 
has been weighed it is dumped directly into the mixer, and 
after a short interval of dry mixing the asphalt is added 
and mixing continued until all particles are completely 
coated and distribution of asphalt throughout the mix is 
uniform. The most commonly used type of mixer is known 
as the twin-pug and consists of a rectangular steel box with 
semicylindrical bottom equipped with two shafts rotating 
in opposite directions, to which arc attached mixing blades 
of such length and set at such angles as found most efficient. 
The mixer is set in the floor of the mixing platform at an 
elevation sufficient to permit discharge of the finished 
mixture through a full-opening bottom gate directly into 
trucks for transportation to the paving job. 


Upon arrival of the hot mix on the job it is spread upon 
the prepared base in a uniform layer so as to produce, after 
compaction, the desired thickness. Shovels and rakes may 
be used for this purpose, although a mechanical spreader, 
such as shown in Fig. 5, is to be preferred. After spreading, 
the mixture is thoroughly compacted while still hot by 
means of heavy rollers. As soon as it is cooled the pave- 
ment may be opened to traffic. Asphaltic concrete wearing 
courses are usually laid to a finished thickness of 2 in. upon 
a suitable foundation. Sheet asphalt pavements are con- 
structed in two courses each 1 i in. thick. The lower course, 
known as the binder, is laid directly upon the foundation 
and is covered with the sheet asphalt surface course. 
Asphaltic concrete foundations, or base course, are laid to 
a thickness of from 3 to 5 in. 

The temperature at which the mixture is prepared and 
spread should be carefully controlled and never exceed 
375"" F. The lowest temperature compatible with proper 
workability during spreading and compaction is desirable. 
Excessive temperature is not only apt to harden and injure 
the asphalt films, but may result in drainage of a portion 
of the asphalt from the top to bottom of loads during 
transportation and so produce non-uniformity, resulting in 
an unsatisfactory pavement. A glance at Table III shows 
that asphalt cements from different sources may vary 
greatly in viscosity at 300 ' F. although of the same penetra- 
tion at IT F. It is quite evident, for instance, that a mixture 
made with the California asphalt of 74 viscosity will not 
require as high a temperature as one made with the 
Mexican asphalt of 191 viscosity in order that both may 
have the same degree of workability or plasticity. 

Although the hot mixture as laid is very plastic, it 
hardens rapidly upon cooling. At its maximum service 
temperature, about 140" F. in temperate climates, the com- 
pressed mixture should be sufficiently stiff to resist displace- 
ment under the load and thrust of traffic, but a certain 
degree of plasticity is always desirable to prevent the 
development of cracks under temperature and loading 
stresses, which type of failure almost invariably appears in 
rigid monolithic pavements. Plasticity in the finished mix- 
ture is largely a function of the consistency and proportion 
of asphalt cement which it contains and is therefore con- 
trollable within certain limits. Resistance of asphalt paving 
mixtures to internal displacement or plastic flow is known 
as stability, and is measured by means of the stability test 
illustrated in Fig. 6. In this test a cylindrical briquette or 
core specimen of the compressed mixture is placed in a 
close-fitting cylinder, to the bottom of which is clamped 
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a ring with a standard orifice. The temperature of the 
specimen is maintained at 140' F. or any desired tempera- 
ture by immersion in a water bath. In making the test, 
load is applied under standardized conditions to the upper 
surface of the briquette by means of a close-fitting plunger, 
and the maximum load developed in forcing the mixture 
through the orifice is recorded as pounds stability. 

Laboratory studies have shown that this test is not only 
useful in evaluating the mixture itself, but that it also serves 
as a means of determining the effect of variations in 
character and proportion of the individual constituents. 
To resist heavy traffic successfully it has been found de- 
sirable to use a mixture showing a stability value of not 
less than 2,000 lb. at 140“ F. 

All asphalt paving mixtures should be as waterproof as 
possible. High density or freedom from voids prevents 
water from entering the compressed mixture and causing 
trouble due to freezing and thawing. It also minimizes any 
tendency for water to displace the asphalt films, a trouble 
sometimes encountered in open-type or porous mixtures 
containing hydrophilic aggregates such as quartzite. Hot- 
laid wearing-course mixtures can and should be designed 
so that voids in the compressed mixture are not more than 
5 % . The presence of mineral filler which reduces the size of 
voids in the compressed aggregate to exceedingly small 
capillary diameters permits this to be accomplished without 
developing other objectionable characteristics when an 
asphalt paving cement is used as a binder. For reasons 
later discussed this cannot be done with liquid asphaltic 
products. 

Voids in the compressed mixture may be calculated from 
the following formula in which V represents % of voids, 
D the maximum theoretical density, and d the actual deter- 
mined density or specific gravity of the compressed mixture. 

l00{D-d) 

D ' 

The value of D is determined by the formula 

- . 

WIG+ fVJG„ &c. 

in which IF, Wi, and IFj represent the percentage weights 
of the individual constituents of the mixture, and G, Gi, 
and Gj their respective specific gravities. 

When designing the hot mix care must be exercised not 
to overfill the voids in the compressed mineral aggregate 
with asphalt, as otherwise the stability of the mixture will 
be greatly reduced and the surface will be soft and sticky 
in hot weather. As the coefficient of expansion for asphalt 
is greater than that for mineral aggregates, it is evident that 
if voids are completely filled at average service temperature 
they will be overfilled at maximum service temperature. A 
safety factor of \i% minimum voids in the compressed 
mixture is ample provision against such trouble. In de- 
veloping a suitable formula for the mix it is necessary to 
determine voids in the compressed mineral aggregate, ex- 
clusive of asphalt. This may be readily calculated from the 
data required for determination of voids in the compressed 
mixture, provided the mixture is not overfilled with asphalt. 
Thus the theoretical maximum density of the mineral 
aggregate Dx would first be calculated from the following 
formula in which IF, IFj, &c., represent the percentage 
weights of the mineral aggregate constituents and G, Gi, 
&c., their respective specific gravities. 

IF+ IFi, &c. 

^/G+ IF/Gi, &c. 


The apparent specific gravity of the compressed mineral 
aggregate dx as it exists in the mixture is calculated as 
follows: 

dx t^(l — % asphalt). 

Voids in the compressed mineral aggregate designated 
V.M.A. would then be determined as follows: 


V.M.A. 


lOO(Di-rfi) 

Dx 


In a properly designed hot-laid paving mixture the film 
of asphalt surrounding each particle should be sufficiently 
thick that, when the mixture is compressed and the film 
thickness between points and areas of contact reduced to 
a minimum, the excess asphalt squeezed into the voids 
should almost, but not quite, fill them. The film will then 
be a continuous phase of variable thickness throughout the 
mixture. For any given type of graded mineral aggregate 
the average film thickness may be considered as a function 
of amount of asphalt in the mix. Other factors being con- 
stant, the thicker the average film the more resistant to 
water action and weathering becomes the mixture. Provided 
a satisfactory degree of stability is obtained, it therefore 
follows that the higher the percentage of asphalt the more 
durable will be the mixture. In other words, high void 
aggregates which can be almost filled with asphalt without 
undue sacrifice of stability should produce more durable 
mixtures than low void aggregates. This fact should be 
kept in mind, particularly in connexion with the design of 
mixtures to withstand severe moisture and temperature 
conditions. 

From the preceding discussion it is evident that in the 
design of satisfactory hot-laid mixtures the factors of stabi- 
lity or plasticity, density or freedom from voids, and film 
thickness are of primary importance. When severe expo- 
sure to prolonged or constant water action is to be anti- 
cipated, selection of a hydrophobic aggregate such as 
limestone or one which has a preferential adsorption for 
asphalt over water is of importance. This is particularly 
true of mixtures of an open or porous structure, and will 
be further discussed in the following section. 

A recent development in the use of a sheet asphalt type 
of mix for paving or revetting the banks of the Mississippi 
River to prevent further erosion at caving bends is of suffi- 
cient interest to warrant special mention in connexion with 
hot-laid mixtures. Briefly described, the process consists 
in constructing on the steel deck of a large barge sections 
of compressed paving mixture, reinforced with steel cables 
and wire mesh. By means of cables the first section is 
pulled on to the bank so that one edge is above the water 
line. While the other edge remains on the barge, a second 
section is constructed abutting the first and sealed to it 
with hot asphalt cement. This operation is repeated as the 
barge is pulled from under succeeding sections, allowing 
a continuous ribbon of the mixture, known as the asphalt 
mattress, to enter the water and come to rest on the slope 
of the under bank. When a sufficient length of the mattress 
has been constructed to reach the toe of the slope, the last 
section is lowered into position by means of the reinforc- 
ing cables which, with the mesh reinforcement, is con- 
tinuous throughout the entire length of mattress. After 
one mattress has been placed, additional mattresses arc 
laid parallel to each other with an overlap on the one 
previously constructed, until the bank of the river-bend 
has been protected. Fig. 7 illustrates the general scheme of 
operation. 





Fig. 10. Pressure distributor for applying asphalt 
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The asphalt revetment assemblage is shown working off 
shore in Fig. 8. An asphalt paving plant is located on a 
barge directly back of the enormous mattress barge, on the 
deck of which sections of mattress 21 7i ft. by 30 ft. are 
constructed 2 in. thick with the metal reinforcing carried 
midway between the upper and lower surfaces. Each section 
of mattress weighs approximately 80 tons. The hot mixture 
is spread and compacted by means of two especially de- 
signed machines similar to those used in highway con- 
struction, and as soon as each section is compacted it is 



rapidly cooled by flooding the surface with water pumped 
from the river. When it has cooled to approximately 140 'F. 
it is launched. The entire cycle of operation is approxi- 
mately I hour. The total length of a single mattress 21 7 J ft. 
wide may at times exceed 600 ft., and in some locations it 
is placed in depths of water of over 160 ft. 

This work is being done by the United States War 
Department with which the Asphalt Institute co-operated 
in the design of the mixture. The formula selected for use 
after a careful study of available aggregates and stability, 
bend and water-action tests on mixtures, was as follows: 

River sand passing 10 mesh . .66% 

Loess (about 90% passing 325 mesh) . . 22 

Asphalt cement 30^0 penetration . 12% 

Because flexibility rather than high stability was desired in 
this mixture, voids in the compressed mineral aggregate 
were slightly overfilled with asphalt. A relatively hard 
asphalt cement was used to impart desired tensile strength 
to the mixture at the temperature of launching. 

Paving Mixtures containing Liquid 
Asphaltic Products 

Paving mixtures prepared with liquid asphaltic products 
differ essentially from the hot-laid mixtures, as they cannot 
be designed to produce as great a degree of density and 
inherent waterproofness. They are apt to prove less durable 
under the most severe climatic and traffic conditions, 
although many have proved economical and satisfactory, 
particularly for use on secondary highways and on main 
highways where moderate traffic prevails. Die character of 
mineral aggregate best suited for use with the various types 
and grades of liquid asphaltic products has been described 
in a previous section. 

The mixtures may be prepared at a paving plant or 
directly on the road to be surfaced. In the former case the 
process of mixing is similar to that described for hot-laid 
mixtures except that a less elaborate plant is required. The 
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aggregate seldom requires heating except to remove excess 
moisture. Mixtures prepared at a plant are spread and 
compacted while cold in a manner similar to hot mix, but 
an asphaltic seal coat is always desirable to waterproof the 
upper surface after compaction. Wearing courses are con- 
structed on a prepared base to a finished thickness of from 
H to 2i in. 

Road-mix construction is a comparatively simple opera- 
tion and consists in first spreading the dry mineral aggre- 
gate over ihe entire road surface in a layer of uniform 
thickness. The liquid asphaltic material is then applied to 
the surface of the loose aggregate, at a predetermined 
quantity per unit area, by means of a pressure distributor. 
Aggregate and asphalt are then turned and mixed by means 
of harrows and road bladers or specially designed multiple- 
blade drags or road mixers, as shown in Fig. 9. As it is 
frequently impracticable to apply and mix all of the re- 
quired asphaltic material at one time, a second and some- 
times a third application and mixing operation may be 
required before the mixture is ready for compaction. Com- 
paction of mixtures prepared with cut-back asphalts is 
usually effected with a road roller, but when liquid residuals 
arc used traffic, accompanied by intermittent blading, may 
be depended upon for compaction. 

Proportioning of liquid asphaltic material in the design 
of paving mixtures cannot be governed by the same rules 
applied to hot-laid wearing-course mixtures. In the latter, 
sufficient asphalt cement can be used to practically fill the 
voids in the compacted aggregate. This is practicable for 
two reasons: first, the void spaces are exceedingly small; 
and second, the asphalt cement has a sufficiently high vis- 
cosity at maximum service temperature to prevent its 
bleeding to the surface through the minute voids. If void 
spaces were relatively large, as would be the case with no 
mineral filler present in the mix, even the asphalt cement, 
in spite of its high viscosity, would creep or bleed to the 
surface in excess quantity. 

There is therefore a very important relation between size 
of voids and viscosity of asphalt to be taken into account 
in the design of paving mixtures. Laws governing this 
relationship arc not at present well understood, but ex- 
perience has shown that with coarse open aggregates no 
asphaltic paving material can be proportioned so as to fill 
the voids without producing an unsatisfactory sticky sur- 
face. Moreover, it has been found that even with dense 
small-void aggregates containing mineral filler no liquid 
asphaltic material can be proportioned so as to fill the 
voids without producing a similar unsatisfactory surface 
condition. At the same time it should be borne in mind 
that use of the highest proportion of the asphaltic material 
that the aggregate can carry without surface bleeding or 
undue loss of stability is desirable from the standpoint of 
durability and resistance to water action. This can often 
be approximated by compressing trial mixtures differently 
proportioned and subjecting them to prolonged tamping 
at a temperature of 140"' F. or slightly higher. 

In all mixtures made with liquid asphaltic products the 
interfacial relation between aggregate and asphalt with 
relation to water is a matter of considerable importance, 
and the use of hydrophobic aggregates which have a pre- 
ferential adsorption for asphalt and petroleum oils over 
water should be selected for use. Coarse aggregates such 
as used with the rapid-curing cut-backs can be tested for 
this property by first coating them with the cut-back so as 
to produce, after thorough aeration, a substantial film of 
asphalt cement and then agitating the coated fragments in 
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water at a temperature of 140'’ F. If the asphalt film is 
readily stripped from the aggregate surfaces an undesirable 
hydrophilic aggregate is indicated. Riedel and Weber 
(Asphalt-Teer-Strassenbautechn, 31, 957 (1931)) recom- 
mend a more severe test to evaluate aggregates from 
this standpoint, which consists in mixing the aggregate, 
reduced to a given degree of fineness in definite proportions, 
with the binder and then boiling the mixture in water. 
If this test shows good adhesion of the film, additional 
samples of the mixture are boiled in solutions of sodium 
carbonate of increasing concentration, and the strength 
of solution required to remove the film is recorded as a 
measure of its adhesion tension. 

As a water-action test for dense-graded aggregate mix- 
tures containing an appreciable percentage passing the 
2(X)-mesh sieve, the following method, known as the swell 
test developed by the United States Bureau of Public 
Roads, may be used. One thousand grams of the mixture 
are placed in a cylinder 4 in. in diameter and 6 in. high 
and moulded under a pressure of about 2, (XX) lb. per sq. in. 
After compression the specimen is left in the mould and 
a slip cover, made of no. 4()-mesh sieve supported in a 
frame, is placed flush against the underside of the mould. 
The mould containing the specimen is then placed in a 
water bath so that there is J in. of clearance from the 
bottom of the tank. The water-level in the bath is kept 
about 1 in. above the surface of the specimen, while the 
specimen in the mould is covered with about i in. of water. 
The amount of swelling is measured on the top of the 
specimen by means of an Ames dial, contact with the speci- 
men being made by a thin metal disk I in, in diameter. 
Readings are taken at regular intervals until maximum 
swelling is obtained. A swelling of as little as ^ in. in- 
dicates that only mediocre success can be expected from 
the use of the particular aggregate. Aggregates entirely 
unsuitable for mixing have given swelling as great as J in. 
under the conditions of this test. 

Surface Treatment and Penetration 

Asphalt surface treatments may be applied to almost 
every type of road or pavement. In the case of ordinary 
earth roads, where the primary purpose is to lay dust, a 
liquid residual of low viscosity such as specified in Table 
VIII under designation S.C. 1 may be used. When it is 
desired to produce a thin asphalt-bound mat on a sand- 
clay, gravel, or macadam road it is first desirable to prime 
the surface with a low viscosity medium-curing cut-back 
such as M.C. 1 material specified in Table VI, applied to 
the extent that it is completely absorbed by the road 
surface. 

For a waterproof surface-mat construction or seal coat 
either a rapid-curing cut-back with relatively fine aggregate 
cover or a soft asphalt cement with relatively coarse aggre- 
gate cover may be used. Both should be applied uniformly 
over the surface by means of a pressure distributor such as 
illustrated in Fig. 10. In the case of a cut-back asphalt 
such as R.C. 1, specified in Table V, rate of application 
will usually be between 0*2 and 0*3 gal. per square yard 
with mineral cover of from 20 to 30 lb. per square yard, 
depending upon the amount of cut-back applied. Mineral 
aggregate may consist of sand for the lighter treatments, 
but preferably of rock or slag crushed and screened to pass 
a 1-in. or j-in. screen and be retained upon a J-in. screen. 
The aggregate should be practically free from dust and 
after application may be advantageously broom dragged 


until all particles arc thoroughly coated and the films have 
dried sufficiently to bond under the roller. 

When a soft asphalt cement is used for surface treatment, 
almost any grade softer than 150 penetration may be used. 
Before application such products should be heated until 
quite fluid and should be immediately covered after applica- 
tion. Depending upon the thickness of mat desired, the 
rate of application may be varied from 0-25 to 0-5 gal. per 
square yard with a cover of from 25 to 50 lb. of mineral 
aggregate thoroughly rolled as applied. It is not desirable 
to use sand or other fine aggregate for cover, as the mat is 
apt to bleed badly under traffic due to the excess of asphalt 
in immediate contact with the old road. Broken stone or 
slag passing a 1 J-in. screen and retained on a J-in. screen 
is best used. 

In the penetration type of construction, known as asphalt 
macadam, it is customary to lay a wearing course approxi- 
mately 2i in. thick. Typical specifications require that a 
layer of broken stone of from 2J to IJ in. diameter be 
spread upon the prepared base in a uniform loose layer 
of suitable thickness and rolled until the fragments key 
together. Hot asphalt cement, commonly from 85 to 1(X) 
penetration, is then applied to the surface by means of a 
pressure distributor at a uniform rate of approximately 
2 gal. per square yard. Immediately afterwards the surface 
voids are chinked with a light application of broken stone 
of from 3 to J in. diameter, thoroughly rolled. When the 
surface is firmly bonded all loose material is swept from 
the road and a seal coat of hot asphalt cement is applied 
at the rate of approximately 0-4 gal. per square yard and 
covered with the same size aggregate used for chinking the 
surface. Thorough rolling then completes the job. In the 
construction of the asphalt macadam no attempt is made 
to fill the voids in the coarse aggregate with asphalt for 
reasons described in the preceding section. By using the 
quantity specified, however, thick films of asphalt are pro- 
duced and durable results assured, provided the aggregate 
is not highly hydrophilic. It is, of course, important that 
the aggregate be dry and free from dust when the hot 
asphalt is applied. To ensure good adhesion of the films 
this type of pavement should be constructed only in dry 
warm weather. In cold weather the asphalt cement chills 
so rapidly after application that it does not penetrate pro- 
perly nor attach itself firmly to the aggregate surfaces. 

A cut-back asphalt of high viscosity may sometimes be 
advantageously used for penetration construction in cold 
weather. For this purpose a product of somewhat higher 
viscosity than the maximum specified in Table V should 
be used. 

Joint Fillers, Bedding Courses, and Asphalt Plank 

For filling wide joints such as constructed in Portland 
cement concrete pavements an oxidized asphalt or a 
mineral-filled asphalt cement may be used. These products 
are heated to a fluid condition and poured into the joints 
so as to fill them to within J in. of the top of the joint. 
This provides room for expansion of the asphalt in hot 
weather and prevents an excessive amount from being 
squwzed out and on to the surface of the pavement unless 
the joint becomes much narrower due to expansion of the 
concrete. Mineral-filled asphalts are usually manufactured 
by the petroleum refiner from an asphalt in which is sus- 
pended a certain percentage of mineral matter in a very 
fine state of subdivision. Slate dust is frequently used in 
such products. Typical specifications for the two types of 
fillers are as follows: 
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Oxidized Asphaii Filler 


Specific gravity ITjlT F. . 

. 100 + 

Flash-point, ° F., Open Cup 

. 500° + 

Softening-point ° F., Ring and Ball 

. 167° + 

Penetration IT F., 100 g.. 5 sec. . 

. 30-45 

Penetration 32° F., 200 g., 60 sec. 

. 15 + 

Penetration 115° F., 50 g., 5 sec. . 

. 90- 

Ductility IT F. . . . ‘ . 

. 4 + 

Loss at 325° F.. 50 g.. 5 hr., % , 

. 10 - 

Soluble in CSj, % . . . . 

. 990+ 

Bitumen soluble in CCI 4 , % 

. 990 + 


Mineral-filled Asphalt 

Penetration IT F., 100 g., 5 sec. . 80-100 

Ductility IT F. ..... 30 + 

Loss 325° F., 50 g., 5 hr., % . . . 2*0— 

Inorganic insoluble in CSg. % . . . 15-26 

Settling test, 2 hr., 325° F., inorganic in- 
soluble in eSa, 

Top sample, % deviation basis of mineral 
matter . . . .15 — 

Bottom sample, % deviation basis of mineral 
matter 25 — 

Joint fillers consisting of premoulded strips of asphalt 
mixed with fine mineral substances, fibrous materials, cork, 
sawdust, &c., arc patented products of variable composi- 
tion. They are inserted in the joint slot and the surface 
usually sealed with a hot smoothing-iron. 

For filling the rather wide joints between individual 
blocks in stone block pavements the mineral-filled asphalt 
is sometimes poured, but more often a hot grout, composed 
of approximately equal parts by volume of sand and an 
asphalt paving cement of 50-60 or 60-70 penetration, is 
flooded over the pavement surface and broomed into the 
joints. 

Narrower joints, such as occur in brick pavements, are 
filled by flooding the surface with hot oxidized asphalt and 
working it into the joints with hot iron squeegees. A more 
recent method which is finding considerable favour consists 
in first spraying the newly laid brick surface with a separat- 
ing agent, either whitewash or a mixture of calcium 


chloride, laundry starch, and water. The oxidized asphalt 
filler is then heated to a temperature of 400 to 450° F. and 
flooded over the surface so as to fill completely the 
joints. The surplus filler, when nearly cold, is removed 
in strips from the upper face of the bricks by cutting with 
a spading tool. The portion removed may be remelted 
and used again. 

Narrow cracks which form in various pavements are 
often filled with a rapid-curing cut-back asphalt such as 
specified under designation R.C. 1 in Table V. A light 
sanding adjacent to the crack takes up all surplus which 
may occur on the surface. 

Bedding courses for brick and block pavements are made 
with a mixture of dry sand and liquid asphalt material such 
as that specified under designation M.C. 2 in Table VI or 
S.C. 2 in Table VIII. The mixture usually contains from 5 to 
8% by volume of the asphaltic material, the exact quantity 
being governed by the behaviour of the mixture, which 
should be of such consistency as to strike off smoothly 
and compact under the templet, but not displace under the 
bricks or blocks as they are laid. Sometimes stone blocks 
are set in a hot-mix mastic bedding course quite similar in 
composition to sheet asphalt. 

Asphalt planks are largely used for paving bridge floors. 
They are somewhat similar in composition to the pre- 
formed joint fillers, but are stronger and less compressible. 
Their average composition will usually come within the 
following limits: 

Asphalt cement, % 35-50 

Organic fibre, % 13-18 

Mineral filler, % 40-50 

They arc made in 3- and 6-ft. lengths and in 6- and 8-in. 
widths, of varying thickness running from J to 2 in. Some 
have a plain upper surface and some are surfaced with 
mineral particles of from i to f in. diameter, embedded 
into the plank matrix under pressure. They are made in 
straight side and ship-lap cross-sections. 

Asphalt plank may be nailed to a wooden deck or 
cemented with hot asphalt cement to a concrete deck. 



TYPICAL ASPHALT SPECIFICATIONS FOR ROAD AND 
PAVEMENT CONSTRUCTION 

By J. S. MILLER, Jr., A.I.C.E. 

Chemical Engineer^ Barber Asphalt Company 


In order to acquaint the reader with the type of speci- 
fication usually drawn for asphalts to be used in road and 
pavement construction, the specifications issued by the 
governments of the United States of America, Germany, 
Great Britain, and France are reproduced below. It should 
be noted that the American and British specifications 
attempt to differentiate between asphalt from various 
sources. This emphasizes the manner of overcoming diffi- 
culties one encounters in attempting to draft an all-inclusive 
specification, which by its very liberal breadth of purpose 
must exclude tests for desirable properties. 

UNITED STATES OF AMERICA FEDERAL 
SPECIFICATION FOR ASPHALT 

FOR USE IN ROAD AND PAVEMENT CONSTRUCTION 

A. Applicable Federal Specifications. 

A. 1. There are no other Federal specifications applic- 
able to this specification. 

A. 2. Any special requirements of the individual depart- 
ments are noted under section H. 

B. Types and Grades. 

B. 1. This specification covers the types and grades of 


materials shown in Table I. The material shall be supplied 
in the particular type (or types) and grade (or grades) 
ordered. 

Table I 

Grade 



(penetration) 

Type of material 

Designation 

120-150 

, Petroleum asphalt 

AP. 1-25 

120-150 

1 Fluxed native asphalt 

AB. 1-25 

100-120 

1 Petroleum asphalt . 

AP. 2-25 

100-120 

Fluxed native asphalt 1 

AB. 2-25 

85-100 

Petroleum asphalt 1 

AP. 3-25 

85-100 

Fluxed native asphalt 1 

AB. 3-25 

60-70 

Petroleum asphalt | 

AP. 5-25 

60-70 

Fluxed native asphalt 

AB. 5-25 

50-60 

Petroleum asphalt j 

AP. 6-25 

50-60 

Fluxed native asphalt 1 

AB. 6-25 

50-60 

Fluxed native asphalt 

AT. 6-25 

40-50 

1 Petroleum asphalt 

AP. 7-25 

40-50 

Fluxed native asphalt ' 

AB. 7-25 

40-50 

1 Fluxed native asphalt | 

AT. 7-25 


C. Material and Workmanship. 

C. 1. The materials supplied under this specification 
shall be asphalts prepared by the distillation of asphaltic 
petroleum or by the fluxing of hard native asphalts with 
a suitable petroleum flux. 

C. 2. TTiose materials only which have been demon- 
strated by service tests as satisfactory for the intended use 
will be acceptable under this specification. 

C. 3. No mineral matter other than that naturally con- 
tained in the asphalt shall be present. 

D. General Requirements. 

D. 1. The asphalt shall be homogeneous, free from 
water, and shall not foam when heated to 1 75° C. (347° F.). 


E. Detail Requirements. 

E. I. Physical and chemical properties. The respective 
types and grades shall meet the requirements shown in 
Table II. 

Table II 


Physical and Chemical Properties 


Designation 

AP. I~25 

AB. 1-25 

(1) Specific gravity 25°/25° C. {IT IIT F.) . 

Not less than 
LOGO 

1 025-1 050 

(2) Flash-point, not less than 

175° C. 

175° C. 


(347° F.) 

(347° F.) 

(3) Softening-point ... 

35 -55° C. 

35^5° C. 

1 

(95-131° F.) 

(95-113° F.) 

(4) Penetration at 25° C. (77° F.), 100 g., 5 sec. 

120-150 

120-150 

(5) Ductility at 25° C. (77" F.), cm., not less 



than ....... 



(6) Loss at 163° C. (325° F.), 5 hr., not more 



than . 

10% 

30% 

(fl) Penetration of residue at 25° C. (77 ' F.>, i 
100 g., 5 sec., as compared to penetration 



before heating, not less than 

600% 

500% 

(7) Bitumen (soluble in carbon disulphide). 



not less than 

99-5% 

95-0% 

(a) Organic matter insoluble, not more 



than . . . . 1 

0-2 


(h) Inorganic matter insoluble, not more 



than ....... 


1 •5-2-5% 

Designation 

AP. 2-25 

i AB. 2-25 

(1) Specific gravity 25°/25° C. (77°/77° F.) . 

Not less than 
1000 

1040-1060 

(2) Flash-point, not less than . . 1 

175° C. 

175° C. 


(347° F.) 

(347° F.) 

(3) Softening-point . j 

35-55° C. 

40-50° C. 

1 

(95-131” F.) 

(104-22° F.) 

(4) Penetration at 25° C. (77° F.), 100 g., 5 sec. 

100-120 

100-120 

(5) Ductility at 25° C. (77° F.), cm., not less 



than . 



(6) Loss at 163° C. (325° F.), 5 hr., not more 

] 


than 

10% 

30% 

(a) Penetration of residue at 25° C. (77° F.), 
100 g., 5 sec., as compared to penetration 



before heating, not less than 

600% 

500% 

(7) Bitumen (soluble in carbon disulphide). 


not less than ..... 

99*5% 

950% 

(a) Organic matter insoluble, not more 



than 

0-2% 


(b) Inorganic matter insoluble, not more 



than 


l-5-30% 





Designation 

AP. 3-25 

AB. 3-25 

(1) Specific gravity 25°/25° C. (77°/77° F.) . 

Not less than 

1 050-1 070 

(2) Flash-point, not less than 

1000 

175° C. 

175° C. 

(3) Softening-point ..... 

(347° F.) 

(347° F.) 

40-60° C. 

40-50° C. 


(104-40° F.) 

(104-22° F.) 

(4) Penetration at 25° C. (77° F.), 100 g., 5 sec. 

85-100 

85-100 

(5) Ductility at 25° C. (77° F.), cm., not less 
than 



(6) Loss at 163° C. (325° F.), 5 hr., not more 
than ....... 

10% 

30% 

(o) Penetration of residue at 25° C. (77° F.), 
100 g., 5 sec., as compared to penetration 
before heating, not less than 

600% 

500% 

(7) Bitumen (soluble in carbon disulphide), 
not less than 

99*5% 

950% 

(a) Organic matter insoluble, not more 
than 

0-2% 

(^) Inorganic matter insoluble, not more 
than 

1 •5-3*0% 
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F. 1. Specific gravity — A.S.T.M. Standard Method D. 


Table II (cont.) 


Designation 

AP. 5-25 

AB. 5-25 

(1) Specific gravity 25^125^ C. (77’/77“ F.) . 

Not less than 
1010 

1 050-1 070 

(2) Flash-point, not less than 

175° C. 

175° C. 


(347° F.) 

(347° F.) 

(3) Softening-point 

40-60° C. 

45-55° C. 


(104-40° F.) 

(113-31° F.) 

(4) Penetration at 25° C. (77° F.), 1(X) g., 5 see. 

(5) Ductility at 25“ C. (77° F.), cm., not less 

60-70 

60-70 

than 

( 6 ) Loss at 163° C. (325° F.), 5 hr., not more 

40 

40 

than 

10 °/. 

30% 

(a) Penetration of residue at 25° C. (77° F.), 
1(X) g., 5 sec., as compared to penetration 



before heating, not less than 
(7) Bitumen (soluble in carbon disulphide). 

60 0 % 

500% 

not less than 

(a) Organic matter insoluble, not more 

99-5% 

94-5% 

than 

( 6 ) Inorganic matter insoluble, not more 

0 - 2 % 


than 


2a-3-5% 


Designation | AP.6~25 j A B. 6-25 \ AT. 6-25 


(1) Specific gravity 25°/25° C. 

Not less ! 

1 050-1 -070 

1-200-1-250 

(77°/77° F.) j 

than 1-010 1 



(2) Flash-point, not less than 

175° C. 1 

175° C. 

175“ C. 


(347° F.) 1 

(347° F.) 

(347° F.) 

(3) Softening-point . j 

40-60" C. 

45-55" C. 

45-55° C. 


(104-40° F.) 

(113-31°F.) 

(113-31° F.) 

(4) Penetration at 25° C. (77" F.), 




100 g., 5 sec. . ; 

50-60 

50-60 

50-60 

(5) Ductility at 25° C. (77° F.), i 




cm., not ]e.ss than 

40 

40 

40 

( 6 ) Loss at 163" C. (325" F.), 5 hr.. 




not more than 

10 % 

30% 

30% 

(a) Penetration of residue at 




25° C. (77° F.), 100 g., 5 sec.. 




as compared to penetration 




before heating, not less than 

60-0% 

50-0% 

50-0% 

(7) Bitumen (soluble in carbon di- 




sulphide), not less than 

99-5% 

94-0 

68 - 0 % 

(a) Organic matter insoluble, 




not more than . 

0 - 2 % 



(b) Inorganic matter insoluble, 




not more than 


2-5-40% 

20-30 % 

Designation j 

AP. 7-25 

1 AB. 7-25 

AT. 7-25 

(1) Specific gravity 25‘725" C. 

Not less 

1-055-1-075 

1-210-1-270 

( 770/770 p ) 

than 1-010 



(2) Flash-point, not less than 

175° C. 

i 175° C. 

175° C. 


(347° F.) 

; (347° F.) 

(347° F.) 

(3) Softening-point 

45-64° C. 

1 45-55° C. 

50 60“ C. 


(113 49 ’ F.) 

1 (113-31° F.) 

(122-40° F.) 

(4) Penetration at 25 ’ C. (77° F.), 


i 


100 g., 5 sec. 

40-50 

40-50 

40-50 

(5)DucUlity at 25° C. (77° F.), 




cm,, not less than 

40 

i 40 

40 

( 6 ) Loss at 163° C. (325° F.), 5 hr.. 




not more than 

10 % 

! 3-0% 

3-0% 

(a) Penetration of residue at 




25° C. (77° F.), 100 g., 5 sec., 


1 


as compared to penetration 




before heating, not less than 

60-0% 

50-0% 

50-0% 

(7) Bitumen (soluble in carbon di- 


1 


sulphide), not less than 

99-5% 

1 94-0% 

65-0% 

(a) Organic matter insoluble. 


1 


not more than 

0-2 



( 6 ) Inorganic matter insoluble. 


1 


not more than 


. 2-5-4-0% 

22-32% 


E. 2. Uniformity. The material furnished under this 
specification for a given contract, type, and grade shall be 
uniform in character and shall not vary more than 10° C. 
in soflening-point from the test limits specified in Table II. 
nor more than 0 02 in specific gravity where no maximum 
limit is specified. 

F. Methods of Testing, 

Tests of the physical and chemical properties of the 
asphalt shall be made in accordance with the following 
methods: 


70-27. 

F. 2. Flash-point — A.S.T.M. Standard Method D. 92- 
24. 

F. 3. Softening-point — A.S.T.M. Standard Method D. 
36-26. 

F. 4. Penetration — A.S.T.M. Standard Method D. 5-25. 

F. 5. Ductility — A.S.T.M. Tentative Standard Method 
D. 11 3-26 T. 

F. 6. Loss on heating — A.S.T.M. Standard Method D. 
6-30. 

F. 7. Bitumen (soluble in carbon disulphide) — A.S.T.M. 
Standard Method D. 4-27. 

G. Packing and Marking, 

G. 1. Any special requirements of the individual depart- 
ment are noted under section H. 

H. Requirements applicable to Individual Departments, 

H. 1. The following departmental specifications of the 
issue in effect on date of invitation for bids shall respectively 
form a part of this specification. 

H. la. Army: U.S. Army Specification No. 100-2. 
Standard Specification for Marking Shipments. 

H. 1^. Navy: Navy Department General Specifications 
for Inspection of Material, copies of which may be obtained 
without cost upon application to the Bureau of Supplies 
and Accounts, Navy Department, Washington, D.C. 

I. Notes, 

I. 1. It is the purpose of this specification to describe 
asphalts suitable for ordinary types of bituminous con- 
struction by physical and chemical requirements without 
prejudice as to source. 

I. 2. The bidder shall state in his bid whether he pro- 
poses to furnish asphalt of a petroleum type, a fluxed native 
type, or both, and he shall also state the source or sources 
from which the material is derived. 

I. 3. Bids shall be solicited on all types of asphalt of 
particular grade (or grades) desired. 

1.4. In connexion with this specification, see Federal 
Sp>ecificalion R-T. 121, Refined Tar for Construction, 
which covers an alternate material suitable for use in the 
construction of bituminous macadam roads. 

I. 5. The materials covered by this specification are in- 
tended for use in the construction of bituminous roads and 
pavements, as shown in Table III. 

Table III 

Intended use 

Bituminous macadam, northern United States, comparatively 
light traffic. 

Bituminous macadam, middle United States or northern United 
States, comparatively heavy traffic. 

Bituminous macadam, southern United States. 

Graded bituminous concrete, northern United States, light or 
moderate traffic. 

Graded bituminous concrete, southern United States or 
northern United States, heavy traffic. Sheet asphalt, northern 
United States, light or moderate traffic. 

Sheet asphalt, southern United States or northern United States, 
heavy traffic. 

I. 6. The information shown in Table III is necessarily 
general in character and should not be interpreted too 
strictly. Varying combinations of climate, traffic, and 
nature of the non-bituminous portion of the road or pave- 
ment will often influence the selection of the bituminous 
material and its method of use. 


Designation 

AP. 1-25 \ 
AB. 1-25 I 
AP. 2-25 i 
AB.2-25 I 
AP. 3-25 \ 
AB. 3-25 / 
AP. 3-25 \ 
AB. 5-25 f 
AP. 6-25 \ 
AB. 6-25 
AT. 6-25 f 
AP. 7-25 \ 
AB.7-25 
AT. 7-25 f 
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I. 7. The right is reserved to make award for that type 
(or types) of asphalt, and from that source (or sources) 
which in the judgement of the purchaser is best suited for 
his particular requirements. 

I. 8. It is believed that this specification adequately de- 
scribes the characteristics necessary to secure the desired 
material, and that normally no samples will be necessary 
prior to award to determine compliance with this specifica- 
tion. If, for any particular purpose, samples with bids are 
necessary, they should be specifically asked for in the 
invitation for bids, and the particular purpose to be served 
by the bid sample should be definitely stated, the specifica- 
tion to apply in all other respects. 

I. 9. This specification governs all United States Govern- 
ment purchases of this commodity. Users are requested to 
retain this specification in permanent file until a revision 
is issued. 

I. 10. Interested parties are advised that an Alphabetical 
Index of Federal Specifications may be obtained upon 
application as noted in the next paragraph, price to be 
obtained from Superintendent of Documents. 

I. 1 1 . Copies of this specification may be obtained upon 
application, accompanied by money order or coupon, or 
cash, to Superintendent of Documents, Government Print- 
ing Office, Washington, D.C. Price 5 cents. 

I. 12. TTie penetration limits set forth in Table I do not 
conflict with the Recommendation for Simplified Practice, 
Bureau of Standards, Department of Commerce, Washing- 
ton, D.C. 

Notice. — ^When Government drawings, specifications, or 
other data are used for any purpose other than in con- 
nexion with a definitely related Government procurement 
operation, the United States Government thereby incurs 
no responsibility nor any obligation whatsoever; and the 
fact that the Government may have formulated, flimished, 
or in any way supplied the said drawings, specifications, or 
other data is not to be regarded, by implication or other- 
wise, as in any manner licensing the holder or any other 
person or corporation or conveying any rights or permis- 
sion to manufacture, use, or sell any patented invention 
that may in any way be related thereto. 

BRITISH STANDARD SPECIFICATION FOR 
ROLLED ASPHALT 

FLUXED NATURAL ASPHALT AND ASPHALTIC BITUMEN 

Hot Process 
B.S.L 595—1935 

Natural Asphalt and Asphaltic Cement 

6. {a) Natural Asphalt. — ^This shall consist of material as 
defined under Clause 2 {d), and in addition shall, as mined, 
also comply with the following requirements: 

Specific gravity .... 1-48-1 *60 

Soluble in CS, .... 36-52% 

Disseminated mineral matter . 40-65 % 

{b) Asphaltic Cement. — ^The asphaltic cement as selected 
for binder and/or wearing surface shall comply with the 
appropriate specification given in the following table. 

The engineer shall specify a penetration figure for the 
asphaltic cement within the limits set out in the table and 
no material shall be used which varies more than plus or 
minus 5 points from the penetration figure so specified, 
that is, the range of variation shall not exceed 10 points. 

The exact proportions of natural asphalt and flux shall 


be determined by adequate laboratory tests, and shall be 
varied in accordance with the type of flux employed and 
the penetration of the asphaltic cement desired. 

Properties of Asphaltic Cement 

I Asphaltic cement 


Property 

1 

Asphaltic 

bitumen 

2 

Fluxed 

natural 

asphalt 

Equal proper^ 
tlons of 
asphaltic 
bitumen of 
appropriate 
penetration and 
natural asphalt 


Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Specific gravity at 60“ F. 







(15-5“ C.) . 

100 

106 

M8 

1-60 

1-24 

1-40 

Flash-point (open), ® F. 

347 


347 


347 

, , 

r c.) ... 

(175) 


(175) 


(175) 


Softening-point (Ring 

113 

150 

113 

176 

113 

176 

and Ball), “ F. (“ C.) 

(45) 

(65) 

(45) 

(80) 

(45) 

(80) 

Penetration at 77“ F. 







(25“C.) . 

30 

80 

30 

80 

30 

80 

Ductility at 77“ F. 







(25“C.), cm. 

40 


10 


40 


Solubility in carbon di- 







sulphide ( %) 

99-5 


43 

70 

65 

76 

Mineral matter ( %) 

1 

' 0-5 1 

26 

60 

20 

35 

Loss on heating for 5 hr. 




i 

1 


at 325“ F. (163“ C.) (%) 


20 


2-0 


20 

Penetration of residue 

; 






after heating (percentage 







of original penetration) 

60 


60 1 

.. 

I 

1 60 

1 



Notes, (i) The above tests shall be performed in con- 
formity with the methods set out in the current edition of 
Standard Methods of Testing Petroleum and Its Products 
published by the Institution of Petroleum Technologists. 

(ii) If the engineer desires to use an asphaltic cement 
composed of an asphaltic bitumen and natural asphalt in 
other than equal proportions, as specified above, he shall 
specify such proportions when inviting tenders. Such alter- 
native asphaltic cement shall be taken to comply with 
the requirements of this Specification if its flash-point, 
softening-point, penetration, loss on heating, and penetra- 
tion after heating comply with the requirements set out for 
asphaltic cement No. 3 above, and its specific gravity, 
solubility in CS 2 , and content of mineral matter comply 
with values calculated proportionately, according to the 
proportions of the mixture, based upon the figures of 
asphaltic cements Nos. 1 and 2 above, and of the specifica- 
tion of the particular natural asphalt used within the limits 
laid down in Clause 6 (a). 

BRITISH STANDARD SPECIFICATION FOR 
ROLLED ASPHALT 

FLUXED LAKE ASPHALT AND ASPHALTIC BITUMEN 
Hot Process 
B.S.S. 594—1935 

(Superseding B.S.S. Nos. 342, 343, 344, 345,-1928) 
Asphaltic Cement 

6. The asphaltic cement as selected for binder and/or 
wearing surface shall comply with the appropriate speci- 
fication given in the following table. 

The engineer shall specify a penetration figure for the 
asphaltic cement within the limits set out in the table and 
no material shall be used which varies more than plus or 
minus 5 points from the penetration figure so specified, 
that is, the range of variation shall not exceed 10 points. 



TYPICAL ASPHALT SPECIFICATIONS FOR ROAD AND PAVEMENT CONSTRUCTION 2745 


Properties of Asphaltic Cement 



Asphaltic cement 












Equal proper- 






Hons of 
asphaltic 




2 

bitumen of 


J 


— 

— 

appropriate 



— 

Refined lake 

penetration 


Asphaltic 

asphalt 

and refined 

Property 

bitumen 

(fluxed) 

lake asphalt 


Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Specific gravity at 60° F. 







(15*5° C.) . 

100 

106 

F20 

1-34 

M7 

1*20 

Flash-point (open), ° F. 

347 


347 


347 


CC.) 

(175) 


(175) 


(175) 


Softening-point (Ring 

113 

150 

113 

150 

113 

150 

and Ball), " F. (° C.) 

Penetration at IV F. 

(45) 

(65) 

(45) 

(65) 

(45) 

(65) 

(25° C.) . . . 

30 

80 

30 

80 

30 

80 

Ductility at 77° F. 

(25° C.), cm. 

Solubility in carbon di- 

40 


25 


40 

• • 

sulphide (%) 

99-5 


1 60 

70 

7S 

79 

Mineral matter (ash) (%) 
Loss on heating for 5 hr. 

i .. 

i 

0-5 

1 

26 

32 

17 

19 

at 325° F. (163° C.) 

Penetration of residue 


1 

1 

! 

' 2-0 


20 

after healing (percentage 
of original penetration) 

60 

! 

1 60 


1 

' 60 

1 


Notes, (i) The above tests shall be performed in con- 
formity with the methods set out in the current edition of 
Standard Methods of Testing Petroleum and its Products 
published by the Institution of Petroleum Technologists. 

(ii) If the engineer desires to use an asphaltic cement 
composed of an asphaltic bitumen and refined lake asphalt 
in other than equal proportions, as specified above, he 
shall specify such proportions when inviting tenders. The 
properties of such alternative asphaltic cement shall be 
determined in the following manner: 

The foregoing table is based upon asphaltic bitumen 
(ash-free) and refined lake asphalt (ash 36%). Varying 
proportions of asphaltic bitumen and refined lake asphalt 
will therefore be represented by a proportional ash content 
and such asphaltic cement shall be taken to comply with 
the requirements of this Specification if its flash-point, 
softening-point, penetration, loss on heating, and penetra- 
tion after heating comply with the requirements set out 
for asphaltic cement No. 3 above, and its specific gravity, 
solubility in carbon disulphide, and content of mineral 
matter comply with values calculated proportionately, 
according to the proportions of the mixture. 

FRANCE 

Model Form of Tender Applicable to the Supply of Pure 
Bitumen Submitted by the Minister of Public Works to 
Chief Engineers 

The following example is taken from Le Gavrian (Les 
Chauss^es modernes, 2nd ed., Paris, 1935). 

‘Art. 2. Quality of the Product, The asphaltic bitumen 
which is the object of the present purchase shall be defined 
by the following characteristics: 

{a) Es^ntial characteristics: 

Melting-point (Ring and Ball method). 

Penetration at 25° C., 100 g., 5 sec. (standard appa- 
ratus A.S.T.M.). 

Ductility (Dow method). 

Solubility in CSa. 


ib) Useful characteristics: 

Specific gravity at 25° C. 

Flash-point (Cleveland apparatus). 

Solubility in CCI4. 

Paraffin content (Richardson method). 

‘ Note on the subject of the Characteristics of 
Asphaltic Bitumen 

‘The present state of knowledge of the relations between 
the Specifications for asphaltic bitumen and the service of 
the product on the road, under the varying circumstances 
of its use, do not yet permit of definitely fixing the essential 
physical and chemical characteristics of the bitumen. Nor 
does it permit the determination, with absolute precision, 
of the limits within which it is desirable to vary these 
characteristics. 

‘Nevertheless, if one refers to the conclusions of the 
international Committee created by virtue of the resolu- 
tions of the International Road Congress of Milan, as well 
as to the results of experience, it can be admitted, until 
further notice, that the essential characteristics are: 

1. Penetration at 25"" C., 100 g., 5 sec. (standard appa- 
ratus A.S.T.M.). 

2. Melting-point (Ring and Ball method). 

3. Ductility (Dow method). 

4. Solubility in CSg. 

the useful characteristics being: 

1 . Specific gravity at 25 " C. 

2. Flash-point (Cleveland apparatus). 

3. Solubility in CCI4. 

4. Paraffin content (Richardson method). 

without pretending, in the present state of knowledge, that 
this enumeration is limitative. 

‘ Now, without awaiting the result of the studies which 
will be undertaken soon, it is of the greatest importance to 
employ, in the various Services which utilize asphaltic 
bitumen, a form of tender in which the bitumen is the 
object of Specifications comprised within limits, of uniform 
definition, outside of which the material supplied will not 
be accepted, fixing for the present and provisionally, for 
these limits, fairly wide figures. 

‘With this idea, the figures to be inserted in Article 2 of 
the tender form should be in accordance with the following, 
for the four classes of bitumen which can be distinguished 
at the present time: 


Property i 

Class A 

Class B 

Class C 

Class D 

Melting-point (Ring and 
Ball) .... 

36-48° C. 

42-54° C. 

I 

48-65° C. 

60-120° C. 

Ductility at 25° C. (Dow 
method) 

Over 100* 

1 

Over 100 

Over 80 


Penetration at 25° C. 

140-220 

80-140 

40-80 

Under 40 

Specific gravity at 25° C. 

I-I04 

I0I-I05 

102-106 

Over 103 


• Minimum susceptible of being increased when laboratories arc equipped 
with apparatus permitting the measurement of ductility above 100. 


Solubility in CSj 
Flash-point, Cleveland method 
Solubility in CCI4 
Paraffin content . 


over 99-5% 
over 230° C. 
over 99% 
under 3% 


‘The characteristics indicated above do not apply to 
asphaltic bitumens naturally containing mineral matter 
(Trinidad bitumen, for example).’ 
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GERMANY 

German Standards Committee Specifications 

(DIN. 1,995 revised 1934) 

A. Specifications for Quality of Bitumen 


1. Specific gravity at 25° C. ..... 

2. Drop-point (Ubbelohde) 

3. Softening-point (R. and B.), ° C 

.. (K-S), ° C 

4. Break-point (Fraass), ° C. 

5. Penetration at 25° C. ..... . 

6. Ductility at 25° C., at least 

7. Ash, maximum 

8. Solubility in CSj or chloroform (min.) 

9. Paraffin, max. ....... 

10. Weight loss after 5 hr., 163° C, max. 

11. Increase in softening-point (K-S) after heating. ° C., max. 

12. Break-point after heating, min., ° C. 

13. Decrease in penetration at 25° C. after heating, max. . 

14. Decrease in ductility at 25° C. after heating, max. 


Class 

Bit. I I Bit. II I Bit. Ill ! Bit. IV | Bit. V 

10 I 10 ! 10 ! 10 I 10 

Shall be at least 18° C. higher than the softening-point (K-S) 


27-37 

38-44 i 

45-49 

50-54 1 

55-58 

16-24 

25-30 

31-35 

1 36-40 

41-45 

20 

-15 

-10 

-8 

„6 


210-150 ' 

150-80 

80-50 

50-30 


100 

100 

100 

50 

0-5 % 

0-5% 

0-5% 

0-5% 

0-5% 

990% 

990% 

: 99 0% 

99 0% 

990% 

20% 

20% 

20% 

20% 

20 

2-5% 

20% 

20% 

2 0% 

20% 

10 

10 

10 


10 

15 

-10 

-8 

! -6 

-5 


60 

j 60 

60 

60 


60 

1 60 

60 

60 


When using Trinidad asphalt as an addition to road tar, a minimum content of 56 weight % of bitumen soluble in carbon 
disulphide or chloroform is required. The content of mineral matter (ash) must not exceed 37 weight %. 

The German specifications include methods of test which have not been accepted generally outside Germany. 
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1. GENERAL 

Bitumen has been a familiar substance to mankind through- 
out the ages, but the extent to which bituminous substances 
are utilized in the arts to-day, and the consequent great 
commercial importance of these materials, is even more 
remarkable than the manner in which their supply has been 
continuously augmented during recent years, notably from 
petroleum residues. Although the context of this article 
suggests that particular regard should be paid to the use in 
‘paint* of the asphaltic bitumens particularly derived from 
petroleum residues, and this point has been borne in mind, 
it has been found necessary to treat the subject on a 
fairly wide basis; indeed, it would be wholly misleading 
to attempt to restrict reference to one class of bituminous 
substance only, for to a greater or lesser extent they are 
all material for the same type of paint. In detail it is true 
that different bitumens produce paints of different proper- 
ties and different performance values, but such differences 
are more of degree than of function. 


The description ‘bitumen’ or ‘bituminous substance’ 
can be limited or it can cover a wide range of substances, 
but we are concerned here to include all those materials of 
a certain general character which the paint manufacturer 
might use as bituminous materials. The list ranges from 
the asphaltic materials, substantially soluble in carbon 
bisulphide, which may be mined or obtained from asphaltic 
base petroleum, to the pitches obtained from fatty acids, 
rosin, and like materials. It is admitted that a more exact 
definition of the word ‘bitumen’ would exclude the fatty 
acid pitches. 

In this article the words ‘paint’ and ‘bituminous paint 
product’ will be used at times in a general sense, meaning a 
protective coating material. Frequent reference must neces- 
sarily be made to ‘bituminous varnish’, ‘japan’, and 
‘bituminous paint’, the word ‘paint’ being used then in a 
particular and narrow sense; these terms clearly indicate 
special forms and treatments of the base material capable 
of being applied to a surface by brushing, spraying, or 
dipping, but in order to save repetition of these sp>ecial 
terms, they will collectively be spoken of as ‘bituminous 
paint products’. The term ‘bituminous paint’ is usually 
applied, and will be here applied, to that type of product 
which consists substantially of bituminous base with vola- 
tile solvents with or without added pigment. It should be 
noted that in paint technology the word ‘paint’ signifies a 
pigmented product, but this rule does not apply to bitumi- 
nous products which if pigmented are often referred to as 
‘ pigmented bituminous compositions ’. It is also difficult to 
indicate the boundary line between bituminous paints and 
other bituminous products. In general, the proportion of 
volatile solvent added to the bituminous base determines 
the consistency of the material and whether it is applied by 
brush or by trowel, that is, whether it is a paint or a cement; 
again, bituminous products similar in consistency may be 
applied, as by a trowelling machine to some textile material 
or paper and be regarded as paint, or to brickwork, as a 
damp-resisting coating, and called cement. Nothing is to 
be gained by attempting to define the field of interest more 
closely, but it is well to know how widely divergent can be 
the uses of such bituminous products. 

The method of use of bituminous substances, wholly or 
in part as medium for ‘paint’, forms an established and 
highly specialized branch of paint technology with its own 
devotees, and, though scanty, its own literature. The high 
appreciation of bituminous substances as paint material 
is mainly due to their unique properties of resistance to 
acids, alkalis, and atmospheric influences generally, with 
low permeability to water and easy applicability in painting 
form. Naturally, different types show these properties to 
a widely varying extent, but the reaction to such tests can 
be extremely good. The principal handicap against even 
wider use of bituminous material than is the case to-day is 
the black colour, but that deficiency can be mitigated to 
some extent in emulsion paints and by the careful selection 
of the bitumen for use with suitable pigments. Some pro- 
gress has been made with the production of light coloured 
bitumens (by removing the asphaltenes) which have a much 
reducing staining power, p>ermitting pigments to cover the 
brown-black shade more easily. 
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of vapour into the air. Efficient ventilation is necessary, 
and only when such is provided should these chlorinated 
solvents be used as components of bituminous or other 
paints for use in enclosed spaces* 

The determining factors in the selection of a solvent 
are intrinsic solvent action, flash-point, and evaporation 
rate. 

(i) Solvent Action. Obviously the greater the intrinsic sol- 
vent action the less will be the amount required to produce 
a paint of desired consistency, and such determinations 
are a matter of experiment with the bituminous substance 
under test. 

The solubility question will be complicated by the use of 
mixed bituminous materials and by the presence of non- 
bituminous material such as rosin in the mix. Vegetable 
oils and fats and fatty acid pitches usually increase the 
solubility of the bituminous base if the whole mix is 
properly fluxed. Indeed, these materials may almost be 
regarded as plasticizers for the harder bitumens. Of the 
pitches the fatty acid and rosin pitches are much more 
easily dissolved than tar products, some of which, notably 
coal-tar pitch, are largely insoluble in light petroleum 
naphtha. The native asphalts have a wide general solu- 
bility in the solvents mentioned which makes their hand- 
ling easy; the petroleum bitumens, and particularly the 
air-blown grades, are also freely soluble and much more 
satisfactory in work than some of the pitches and similar 
residual products. 

To some extent the choice of solvent will be affected by 
considerations other than solubility, for example, the pro- 
portion of solvent to base, which in commercial products 
may vary considerably with the intended purpose. Heavy 
material will probably carry high boiling solvent, whilst 
light bodied material, with which it is desired to secure 
great penetration, rapid drying, &c., will probably con- 
tain 50% or more of comparatively light boiling solvents. 
Furthermore, experience shows that the softer the bitumen 
the lighter should be the solvent. 

One of the complications due to the use of solvent mix- 
tures or other components than bitumen arises from the 
possibility of some part of the solvent mixture having 
selective and limited solvent action only on some part of 
the base, resulting in cloudiness and non-homogeneity in 
the film ; as a general rule a non-homogeneous film lacks 
mechanical strength, so that this aspect of the matter is 
important even if exceptional. The good appearance of the 
dried film is also dependent upon the solvent characteristics 
in another sense. The gloss of a film is largely governed by 
the smoothing out which takes place in a film surface soon 
after the primary set, and the solvent then remaining must 
depart sufficiently slowly to allow time for irregularities of 
the surface to disappear. It is important that all bituminous 
media should be made and the solvent added at as low a 
temperature as possible consistent with achieving a proper 
distribution of the components. Detailed reasons will be 
given for this statement later, but mixing at too high a 
temperature may promote a separation, or at least disturb 
the state of dispersion, of the free carbon in the mix with 
disastrous effects on the film appearance. 

(ii) Inflammability is often the determining factor in the 
selection of solvent in material which must be transported. 
The railway companies classify inflammable liquids: 

(1) Those flashing below 73° F. (closed test) 

(2) „ „ between 73° F. and 1 50° F., 

and both are described as dangerous. 
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The flash-point is the temperature at which the mini- 
mum explosive concentration of inflammable vapour and 
air is reached in the approved apparatus. The flash-point 
of a mixture of inflammable liquids is not necessarily that 
of the lowest flashing constituent or even the mean. 

(iii) Evaporation Rate is another important aspect of sol- 
vent property generally regarded as determining the drying 
time of the painted-out film, but the rate of evapora- 
tion of solvent from a drying film is more than a mere 
matter of time. Some control is necessary of the rate at 
which the volatile liquid leaves the film, in order to regulate 
the flow of the material, to prevent the deposition of water 
from the atmosphere, and in the case of non-homogeneous 
products, to prevent premature separation of one compo- 
nent from the mix. All these matters affect the condition 
of the film. In the past, endeavours have been made to 
evaluate the evaporation characteristics of solvents under 
‘Udinary conditions by consideration of boiling-points, 
but this is unsatisfactory; although high boiling-points 
are, in general, associated with comparatively low evapora- 
tion rate and vice versa, the connexion between the two 
characteristics is inconstant and far from reliable. Further- 
more, the addition of one solvent to another may pro- 
foundly modify the resultant rate of evaporation, while the 
presence of solid matter such as bitumen may have con- 
siderable and varied effects on the relative rates of evapora- 
tion of the liquids present. It is evident, therefore, that 
evaporation rates of liquids used in bituminous paint pro- 
ducts can only be measured in a direct manner by a 
determination of the actual quantity of each particular 
liquid (single and in admixture) lost in a definite time from 
a definite surface area of the paint material evaporating 
in free air (or under other defined conditions) at known 
temperature and humidity. Temperature increase has the 
effect of accelerating the evaporation rate of all ordinary 
solvents, but there is reason to believe that humidity effects 
are important. If the solvent is miscible with water, high 
humidity retards the evaporation rate through deposition 
of atmospheric water on the film surface. If the solvent is 
immiscible with water, as in most of the material likely to 
be used in this work, the effect of humidity is less completely 
understood, for there is some evidence to show that very 
high humidity may accelerate the rate of evaporation, 
probably as a result of low atmospheric pressure. 

(iv) Viscosity. The subject of viscosity, or to use a better 
word when compositions containing solid matter are con- 
sidered, consistency, that is, the condition which determines 
the workability of the paint, must be considered as part of 
the solvent problem. The greater the proportion of solvent 
used the lower the consistency, but all solvents do not lower 
the consistency of bitumen to the same extent, e.g. straight 
petroleum bitumens require less solvent to reduce to equal 
consistency than native material such as gilsonite, or in 
other words, the viscosity/composition as well as the 
viscosity/temperature graphs fall more rapidly in the one 
case than in the other. The above aspects, however, would 
of themselves present no difficulty in control of production. 
The problems arise because of variations in consistency of 
different batches of what purports to be the same material, 
and particularly the fact that the consistency condition of 
a bituminous paint quite frequently changes with time, 
thickening up taking place to such an extent that the 
material may become in the limit quite unworkable. This 
condition of structural viscosity is akin to the ‘livering’ 
or ‘fattening’ of ordinary paint and varnish materials; it 
is particularly apt to occur with certain fatty acid pitches 
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and with gilsonite, though the defect is usually less apparent 
when coal-tar naphtha is used owing to the high solvency of 
this material. It has been suggested [1, 1932] that a tendency 
to show structural viscosity is a function of the asphaltene 
content of bitumen, but the observation probably means 
that the asphaltene content is most susceptible to degrada- 
tion and oxidation by heat. 

Pigmentation of the bituminous paint also has a bearing 
upon the gelation problem, though in a rather different and 
special form. 

(v) Flow Properties of Bituminous Paints. The simplest 
form of bituminous paint is a solution of a bituminous 
material in a solvent without the addition of drying oil, 
pigment, &c. Solutions in the hydronaphthalcnes flow 
extremely well and give good films, usually of high gloss 
and free from brush marks and irregularities; these remarks 
apply to both air-dried and stoving finishes. Solutions in 
toluol or solvent naphtha may not remain open under the 
brush for a sufficient time, and hence exhibit bad brush 
marking; the addition of 20% or so of tetra- or decahydro- 
naphthalene to bituminous solutions in toluol materially 
enhances their flow properties. Bituminous paints contain- 
ing drying oils, <&c., usually yield tougher and more resistant 
films than the straight bitumen solutions; in this case, too, 
the flow properties may be improved by the addition of the 
hydronaphthalenes, although the addition of the oil itself 
tends to assist the flow. 

(b) Oils and Resins as Components 

Some oil and resin are usually found in bituminous paint 
products, and such additions give a quality to the ‘feel’ or 
‘body’ of the material under the paint brush, a quality 
which is missing in compositions consisting of bitumen in 
solvent only. This ‘body’ is particularly important in pig- 
mented systems, for without it pigments are not easily held 
in suspension. 

The oils used are mainly linseed and tung oil, either alone 
or more often mixed, but from time to time special products 
may contain other oils such as rape-seed and fish oils. 
T^e oils must, of course, dry by oxidation, and metallic 
siccatives are necessary to stimulate the drying process, 
though such materials have no drying effect on the bitumen 
component of the mix. 

Linseed oil is, of course, the most commonly used 
material, and when properly incorporated with the bitumen 
(and in the main only the harder types of bitumen are used 
for this class of product) extremely desirable films can be 
produced, which, when compared with straight bituminous 
films, show improved adhesion, flexibility, gloss, and 
general durability performance. The oil may be used raw 
or tluckened by heat treatment to produce a ‘stand’ oil, 
and indeed the method of manufacture of the bituminous 
product is closely concerned with the type and quality of 
oil us^. The unique property of tung oil, namely, its 
capacity for rapid gelation under heat, imposes a special 
technique for the use of this material, to which reference 
will be made later. 

When resins form part of the mix, as much considera- 
tion has to be given to the nature of the oil/resin as to the 
bitumen/resin complex. Most of the natural resins com- 
monly met with in vamish-making practice could be used 
in making bituminous products, but price considerations 
rule out most of them and the special qualities of others 
would be lost; thus the principal natural resins used in 
bituminous products arc rosin, both straight and in the 
lime-harden^ form, and to a limited extent eopal gum. 
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Coumarone is another resin very frequently found as a 
component of bituminous paints, particularly in combina- 
tion with tung oil. Tung oil/coumaronc varnishes have an 
acknowledged resistance to hydrolysis, particularly under 
alkaline conditions, and they make a desirable addition to 
a bituminous mix. Then there is to-day a large and rapidly 
increasing use of synthetic resins, particularly the modified 
phenolic type, as components of bituminous paints, and 
the results obtained with these products fully justify their 
inclusion. 

The proportion of oils to bituminous matter may vary 
greatly. A typical formula might contain bitumen, resin, 
heat-thickened oil, and thinner, in the proportions 4 : 1 : 1 : 4, 
but many bituminous varnishes contain as much or even 
more oil than bitumen; they are also commonly made 
‘short oil’, that is, a ratio of about 1 part of oil to 4 or 5 
parts of bitumen, but even this proportion of oil is suffi- 
cient to modify profoundly the appearance, toughness, 
performance value, and general physical properties of the 
films. They have higher gloss, increased elasticity, flexibility, 
and toughness. The fatty acid pitch which is frequently a 
component of bituminous varnishes and japans also confers 
great flexibility on the film, and is used for this specific 
reason. 

Mention has already been made that the oil component 
must dry by oxidation, but the drying quality of this class 
of composite material is not the arithmetic sum of the 
drying quality of the components, that is, the bitumen 
drying by loss of solvent and the oil drying by oxidation. 
Indeed, it is not unusual to have to make allowance for 
what appears to be an inhibition effect of the bitumen on 
the drying of the oil. The trouble is most marked in 
products of low bitumen content because there is not suffi- 
cient bitumen present to mask the effect by its own setting 
capacity. Probably the petroleum bitumens are most 
troublesome in this respect, and native material of the gilso- 
nite type the least, but even so, the drying time of oils is 
increased enormously in the presence of quite small amounts 
of gilsonite. When the bitumen exceeds the oil component 
of the mix in amount, the drying weakness is not noticed 
so much, not because it does not exist, but because it is 
covered up by the hardness of the bitumen as such. 
Whether in any particular case these effects are due to some 
specific impurity in the bitumen, capable of acting as an 
anti-oxidant and so poisoning the oil-drying process, or to 
the presence of sulphur compounds, or of mineral oil not 
removed from a petroleum bitumen, or to adsorption 
of the metallic drier in the oil by the highly dispersed free 
carbon often present in the bitumen, or to the distribution 
of the oil as discrete particles of emulsion instead of in true 
solution, it is difficult to say, but probably all these factors 
operate. These problems are not yet satisfactorily solved. 
The obvious step is to provide sufficient drier to satisfy the 
adsorption and still leave sufficient to dry the oil; it is also 
desirable to secure that the drier is thoroughly incorporated 
with the oil before it meets the bituminous component, and 
this practice is usually followed. Fortunately the excess of 
drier necessary in bituminous oil products seems to have 
no deleterious effect on the life of the film, suggesting that 
when the drier is removed by adsorption from the oily 
phase it is no longer dispersed, not even in the bituminous 
adsorbent, and is in consequence innocuous. The extent of 
the heat treatment of the bitumen and oil also affects the 
drier problem, and whilst everything which has been said 
so far about the heat treatment is in favour of low tempera- 
ture and the minimum of heating, nevertheless, it must be 
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admitted that what would be regarded in the ordinary way 
as excessive heating from the point of view of the bitumen 
docs, as a rule, improve the drying of the oil component 
considerably. 

(c) Pigments 

Consideration of coloured bituminous paints requires 
a sense of proportion. Manufacturers desire to produce 
material of attractive appearance with all the good proper- 
ties of a bituminous film. Oil/resinous compositions carry- 
ing from 5 to 10% of selected bitumen can obviously be 
pigmented to almost any shade, as the staining quality of 
such a low concentration of bitumen is necessarily slight, but 
it may be doubted whether such paints are truly described 
as bituminous paints. In the ordinary way, 5% addition 
does not seem very much, but the effect of 5 % of bitumen on 
the properties of an oil or oil/rcsin product is so marked as 
to produce in effect a different material. The vital change 
so made in the characteristics of a paint justifies the term 
‘bituminous’ being applied to such materials. On the other 
hand, a paint with a substantial if not actually dominant 
bitumen content can only be produced in certain shades, 
mostly reds, deep yellows to browns, olive-green, drab stone 
colours, and deep greys according to the pigments used. 

The pigments commonly used include red iron oxide, 
red lead, chromium oxide, lead chromate, yellow ochre, 
lithopone, zinc oxide, white lead, titanium oxide, graphite, 
carbon black, &c., and metallic powders and pastes. The 
choice of pigment must be made as carefully as the choice 
of bitumen, for all pigments intended to be used in bitumi- 
nous products should possess high tinting strength and 
should be incorporated in a finely divided state. For the 
most part, mineral pigments are most satisfactory in bitu- 
minous paints, for they combine good staining quality and 
stability with relative cheapness. 

Colour stability is particularly important, because very 
often the pigment is incorporated into the mix by simple 
stirring of the hot tanked material, and any colour sensitive 
to heat would be useless. The better class of bituminous 
paints, however, are ground either in the ready mixed form 
or, better still, in paste form, following the usual paint- 
making practice. 

Graphite as a pigment is used with bituminous mixes to 
confer a higher degree of heat resistance on the product, 
whilst the metal pigments are, of course, in a class by them- 
selves as far as preventing deterioration of the film of bitu- 
men is concerned. 

The selection of the bitumen for use in coloured products 
would depend very much upon the colour desired, and a 
test is conveniently made by judging the colour of a painted- 
out solution of the bitumen on a glass plate. The most 
severely decolorized bitumen will be brown in thin film, 
and in consequence it is difficult to produce light colours 
which are really clean. 

The settlement of pigment from straight bituminous 
solutions is another serious problem, for more of the diluent 
or solvent of the bitumen is required if the bitumen is 
thickened up with pigment than without. That is why the 
simplest type of bituminous paint is seldom pigmented, or 
at least only lightly. It would almost be correct to say that 
no coloured bituminous product is made except on a bitu- 
men/oil or oil varnish base, and even then trouble may be 
experienced with settlement of pigment. Some considerable 
success has been obtained with the prevention of settlement 
by the addition of filler materials such as asbestine or bento- 
nite, which is a colloidal clay. The aluminium salts of the 
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fatty acids are also useful for this duty. Heavy pigments 
naturally tend to settle rather more quickly than the light 
ones, but the density of the individual pigment is one of the 
least important considerations in determining the chances 
of settlement in the paint. 

Pigmented products gain by reason of the fact that the 
films are harder and show increased resistance to abrasion 
and to flowing. The flowing of the more simple types of 
bituminous films long after they are dry in the ordinary 
sense has always been a serious defect, and it is worthy 
of note that films produced from emulsions of equivalent 
material are less prone to this defect; the reasons for this 
will be considered later. Pigmented bituminous materials 
and those containing substantial proportions of varnish 
medium do not offend in this way, whatever the manner in 
which the films are produced, because the pigment confers 
rigidity on the film. 

Perhaps one of the most interesting developments in 
connexion with pigmented bituminous paints is the prepara- 
tion of bitumen aluminium combinations. In this type of 
product polished aluminium powder, either dry or in paste 
form is mixed with straight bituminous paint, for example, 
gilsonite or petroleum bitumen in benzene or some other 
solvent which promotes the leafing effect of the aluminium 
powder. On the evaporation of the solvent the aluminium 
forms a ‘skin’ on the surface of the bituminous mass of 
the film, giving a product with all the protective qualities of 
bitumen combined with the bright finish of the aluminium. 
After storage of the paint for some time the aluminium 
tends to lose its leafing quality, probably due to the solu- 
tion of the polishing agent from the surface, so that if the 
material is not to be used at once, the aluminium should 
not be added until just before use. The leafing quality seems 
to be definitely connected with the condition of the metal, 
including the shape of the particles, the type of vehicle, 
and the polishing agent, usually stearic acid. 

id) Bitumens 

An indication has been given above of the extent and 
variety of different paint products which are being pro- 
duced commercially from bituminous material. In turn, the 
manufacturer has to make the choice of the specific raw 
material to be used from the extensive range of bituminous 
substances available. The simplest type of bituminous 
paint referred to above may be made from the choicest 
grades of mineral gilsonite, or from petroleum asphaltic 
bitumens, or from coal-tar pitch. The gilsonite product will 
have good appearance and give hard films of considerable 
elasticity, possessing a coefficient of expansion very close 
to that of iron, so that the painting of iron may be under- 
taken with confidence and rust prevention is facilitated. 
Very much the same kind of report, differing only in 
degree, could be given about the product if petroleum bitu- 
men had been used in its formulation, and coal-tar pitch 
is not unlikely to give a satisfactory protective coating, 
especially if applied to ironwork warm, although the finish 
may not be so attractive as the others mentioned. 

Probably the most common defect of films prepared from 
these simple solutions is webbing or wrinkling; conditions 
due to shrinkage forces developing in the body of the 
film after initial surface skinning by rapid loss of solvent. 
Mitigation of this defect can usually be secured by making 
the loss of solvent more uniform throughout the thickness 
of the film, that is, by the use of rather less volatile materials. 
This subject connects with what has already been said about 
evaporation rates of solvents. 
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In practice, of course, the comparatively expensive native 
asphalts are found to be unnecessary for general purpose 
material of the simple type quoted in the above example, 
that is, the extra quality of performance does not as a rule 
justify the extra cost. Other examples may be given in which 
the bitumen, forming only part of a complicated mix, must 
be selected with due regard to its compatibility with the 
other components. In making bituminous/oil composi- 
tions the harder grades of bitumen are required, whilst it 
is generally accepted that gilsonite ranks first as the base 
for coloured bituminous paint products. 

To make a right selection in any particular case requires 
experience backed by adequate knowledge of the properties 
of the material. Consequently, and running parallel with the 
large post-war development in this field of work, there has 
been a growing demand for more and more precise informa- 
tion about the properties of bituminous materials, tests, 
and methods of analysis, both on the original bitumen and 
on the products made therefrom. This demand is quite 
reasonable, although difficult to satisfy because bituminous 
materials, generally, whether they are native or manu- 
factured, are by no means constant in their properties or 
compositions, in spite of every effort on the part of the 
bitumen technologist to make them so. The properties are 
controllable during manufacture, but they are not static in 
the sense that the composition and properties of an oil such 
as linseed oil can be taken for granted. For paint purposes 
it is usually not necessary to proceed to ultimate analysis or 
to carry out more than a small number of the many tests 
devised for the examination of bitumen for one purpose or 
another at different times. In any case, a chemical analysis 
as such avails nothing without some intimate knowledge of 
the physical properties of bituminous materials to assist the 
judgement. The tests such as are usually carried out by a 
paint technologist on the original bituminous material or 
on material separated from a bituminous paint preparation 
are really Tests of Identification and Quality or Tests to indi- 
cate Suitability for a Given Purpose, They may be listed as: 

(i) Colour, Streak, and Lustre of Fractured Surface. The 
‘streak’ test is very valuable as an indication of the suit- 
ability of the material for use in coloured products. Obser- 
vations of colour in dilute solution and in thin film support 
the streak test. The lustre of a freshly fractured surface is 
also useful, the bright hard types of bitumen being most 
suitable for the manufacture of bituminous/oil composi- 
tions, The lustre test is best applied to material melted and 
allowed to stand. A lustreless or dull surface indicates 
the presence of mineral matter or too much free carbon 
(non-mineral matter insoluble in carbon bisulphide) or the 
‘sweating’ out of something from the matrix in a blended 
product, and suggests that the material is unsuitable for 
use in bituminous paint products. Any lack of homo- 
geneity may also be conveniently observed in thin film by 
the use of the microscope at a magnification of about 100. 

(ii) Behaviour on Heating, Softening-point, and Volatile 
Matter. The odour and general behaviour on heating, and 
particularly the amount of volatile matter lost in an oven 
heated at from 325° F. to 500° F., are of great importance in 
identification and general factory control, particularly for 
those uses in which it is necessary to heat the bituminous 
substance considerably. The softening-point, however, is 
the most commonly used all-round test. 

(iii) Solubility in Carbon Bisulphide and in petroleum 
naphtha and non-mineral matter insoluble in carbon bisul- 
phide (free carbon). The solubility in carbon bisulphide 
is often the basis of purchase; as a rule the larger the 
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percentage of matter soluble in carbon bisulphide, the 
greater the value of the material; for that reason the test is 
an important one. A high ‘free-carbon’ content is often, 
but not necessarily, proof that the material has been over- 
heated, and for the better class of bituminous paint product 
such material is undesirable. Petroleum bitumens seldom 
contain either mineral matter or non-mineral matter in- 
soluble in carbon bisulphide. The petroleum naphtha test is 
a supporting test mostly used for identification purposes. 
In general the solubility of the petroleum bitumens runs 
parallel with their hardness, the harder the material the less 
readily it dissolves. 

(iv) Mineral Ash Content. The nature and quantity of 
the mineral ash may serve to identify the origin of the 
bituminous material. 

(v) Saponification Test. This test, together with the further 
examinations of the saponifiable and unsaponifiable com- 
ponents, is especially valuable for examining mixtures of 
bituminous material with drying oils, and pitches, especially 
stearin pitch. 

The interpretation of the above tests will actually turn 
upon what indications are gathered in a preliminary 
examination as to whether the material examined is a simple 
or blended product. It is not always possible to use a single 
bituminous material if a certain combination of character- 
istics is required, and then recourse must be had to blending. 
For the manufacture of bituminous paint products, how- 
ever, this process of blending is best left as far as possible 
to the primary producer of the bituminous material. Even 
then in dealing with mixtures it is always necessary to bear 
in mind the ‘compatibility’ factor, to which some reference 
has already been made, for this above everything else deter- 
mines the quality of the performance of bituminous paint 
products. It is not only the blending of difTerent types of 
bitumen (and a perfect blending means much more than 
merely melting or running together), but the blending of the 
bitumen with the other components of the mix. Indeed, 
some of the additions commonly made to bitumens, 
notably rosin, rosin oil, rosin pitch, and particularly animal 
and vegetable oils, are used almost as much for their 
fluxing action as for their more specific qualities. 

No details are given for carrying out the above tests, 
which are all standard tests applied to bituminous materials 
and are fully described elsewhere under the appropriate 
section. 

IV. MANUFACTURE OF BITUMINOUS PAINTS 
(a) Media 

To prepare a solution of bitumen in a solvent is a com- 
paratively simple matter; many bituminous materials can 
be ‘cut’ cold, but in general it is easier to use heat either by 
melting the bitumen at the lowest possible temperature and 
adding the solvent, or by stirring the bitumen and solvent 
together in a closed vessel suitably heated to some tempera- 
ture below the boiling-point of the solvent. Some materials 
melt at so high a temperature that a fluxing operation is 
almost necessary. 

The incorporation of oils and resins with bitumens is a 
much more serious matter, for the type of oil and the 
grade of resin to be used often determine the method of 
manufacture. 

Obviously some solutions of bitumen in solvent can be 
mixed off with oil or varnish material, but some degree of 
heating is usually necessary to ensure miscibility with oils, 
and the plant necessary for these processes is something 
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more than a mere mixing vessel. Mention has already been 
made of the dangers of heating bitumens, and there is 
no doubt that by so doing considerable changes occur in 
chemical constitution, changes which are reflected in the 
solubility and colour density. Oxidation and carboniza- 
tion can also occur, and long before there is real carboniza- 
tion or cracking the free-carbon content can increase 
enormously with an aggravation of the drying problem (if 
oil be present) later on. Even without any increase in the 
free-carbon content (which will be highly reactive and 
adsorptive material) the bitumen, especially if gilsonite, 
progressively adsorbs the drying metallic compound pre- 
viously added to the oil/resin part of the medium. In 
practice one is able to obtain good drying property for some 
days after manufacture, but the drying time progressively 
lengthens until after, say, 3 months it may be increased 
from 8 hours to as many days or more. It is necessary, 
therefore, to satisfy the adsorptive capacity of the gilsonite 
before the adjustment is made as to drier content in order 
to control the drying period. It is equally obvious that 
any excess of free drier material in the oil component 
beyond the amount required is extremely harmful, although 
adsorbed drier material removed from the oil seems to be 
comparatively innocuous. 

Details of the method of manufacture and the tempera- 
ture to be used will vary with the material, but the general 
rule will apply, viz. as little heat as possible and for the 
shortest possible time necessary to achieve the desired 
process. When bitumen is to be melted alone, heat should 
be applied gently, and if mixed bitumens are used, the 
lowest melting-point material should be taken first, and 
other material added gradually so that liquid material 
always remains in the vessel. 

The method of manufacture of bitumen/oil compositions 
closely follows ordinary varnish-making procedure. If it is 
a question of fluxing together bitumen and previously heat- 
treated oil, the temperature range should be about 220- 
240° C. and never exceed 260° C. It is belter to incorporate 
such driers as are required in the oil before admixture with 
the bitumen, and, of course, there are several ways of 
varying the procedure in the manner of bringing the com- 
ponents together. For the sake of cheapness or convenience, 
or both, it is not unusual to flux the raw oils with the bitu- 
men and to ‘body’ up the mass by subsequent heating, but 
in that case it is necessary to raise the temperature up to 
260° or even 280° C. for a time, but this procedure is not 
recommended. After cooling to 200° C., or thereabouts, the 
driers are added, and at 150°C., or thereabouts, the sol- 
vent or thinner material is added. Alternatively part of the 
thickening of the oil may be carried out before mixing with 
the bitumen and part afterwards by the use of higher tem- 
peratures in the manner indicated. 

If a resin is also to be incorporated into the mix, the most 
useful and satisfactory procedure is to flux the resin and 
oil together, following standard varnish-making practice, 
before mixing with the bitumen. 

When tung oil is used in the mix, even as part only of the 
oil content, the technique of manufacture needs a greater 
measure of control owing to the sensitivity of tung oil to 
heat and its extraordinary capacity for rapid gelation 
under heat. 

If the tendency of tung-oil products to produce frosted 
and wrinkled Aims is to be avoided, it is essential that the 
oil shall be heated to a certain minimum extent, say, about 
40 minutes at 250° C. or for shorter periods at higher 
temperatures. On the other hand, the oil must not be 
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cooked to the point of gelation, or a non-homogeneous 
product will result and become obvious on painting out. 

The presence of resins generally, and particularly colo- 
phony (rosin) helps considerably with the handling of tung- 
oil mixes because these resins greatly retard gelation. A high 
proportion of an oil such as linse^ oil, restrains gelation 
according to the amount added. The bituminous matter 
alone cannot be depended upon to restrain sufficiently the 
gelating tendencies of tung oil, if only for the reason that 
tung oil must be heated before it comes into contact with 
the bitumen. Quite a number of other methods are used for 
restraining the gelation of tung oil, such as heating with 
small quantities of sulphur, selenium, certain substituted 
phenols, and arsenious oxide. 

It is also quite practicable to heat tung oil so rapidly as 
to carry it beyond the critical gelation period, and thus pro- 
duce an oily product which will no longer gel. If this super- 
heating is carried to excess the material may lack drying 
qualities, but with care this condition can be avoided. 
Further, additions of this superheated oil can be used to 
restrain the gelation of further quantities of tung oil. 

The effect of quite small proportions of tung oil in a bitu- 
minous/oil product can be observed in the quality of the 
film produced, and there is good reason to believe that the 
optimum ratio of the linseed/tung oil mix, having regard to 
both performance value and cost, is about 30% tung oil. 

(b) Special Media 

Whilst the quantity of material made, which properly 
falls into this classification, may be very small, its interest 
is large. The development of phenol formaldehyde and 
alkyd type synthetic resins has been mentioned earlier; 
they are already important constituents of bituminous paint 
products. For various reasons, most interest has been 
shown in the phenolic types of resins, but a typical air- 
drying resin of the oil modified glycerol phthalate type may 
be used wholly or in part in substitution of the ordinary 
oil or varnish component of the bituminous varnish and 
form as much as 60% of the solid matter in the film. 

Shellac was at one time incorporated with bituminous 
media in order to improve the drying quality and to harden 
the film. 

There are various references in the literature to the use of 
other materials in combination with bitumen in paint in 
order to confer some special quality; for example, a pro- 
portion of gutta-percha and depoly merized, soft, vulcanized 
rubber incorporated with bitumen is said to confer unusual 
acid resistance. 

Straight rubber/bitumen mixtures are difficult to pro- 
duce except by melting together, and comparatively small 
amounts of rubber soon decrease the flow properties of the 
product, but chlorinated rubber is readily soluble and com- 
patible with oil and bitumen and is used to produce media 
for special purposes, among other things to give resistance 
to chemicals and electrical stress. 

(c) Pigmented Products 

It has already been pointed out that bituminous paints 
may be produced by hot or cold processes, and the type of 
the product will determine the manner in which the in- 
corporation of the pigment is carried out. Not infrequently 
it suffices to mix the pigment with the medium whilst the 
latter is still hot. The alternative is to grind the pigments 
with the medium in paste form (in a ball mill or other stan- 
dard type of paint-grinding machine), afterwards thinning 
the paste to brushing consistency. This process is likely 
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to yield a better ground product, and is usually carried 
out on the finer products such as are known as bituminous 
enamels. 

(d) Emulsions 

In the manufacture of emulsion paints the bituminous 
material is dispersed in water. This condition is promoted 
by small quantities of emulsifying or dispersing agents 
which may also act as stabilizing agents for the emulsion 
when formed, functioning as protective colloids. The li.'>t 
of materials which may be used or whose use has been pro- 
tected by patent is very large, but the common ones are 
soaps of all kinds, sulphonated oils, the silicates of sodium 
and potassium, proteins (such as glue and casein), and 
colloidal clays, either alone or in admixture. 

A convenient method of manufacture is to pour the molten 
bitumen gradually with agitation into warm water already 
containing the emulsifying agent. Alternatively, the warm 
water (at a temperature usually between 50 and 80° C.) can 
be stirred into the molten bitumen to which has already 
been added the soap or potassium silicate or other emulsify- 
ing agent. This simple agitation method, carried out in 
suitable kettles, is suitable for material which can be melted 
below the boiling-point of water, or if used in a cold pro- 
cess, for material which can be previously and easily broken 
up into a free powder. 

Of the other types of apparatus employed for the manu- 
facture of bituminous emulsions the best known are col- 
loid mills and homogenizers. These colloid mills carry 
moving parts revolving at high speed in fairly close con- 
tact so disposed as to submit the particles passing through 
the mill to considerable shearing stress. Colloid mills arc 
well suited to the dispersion of previously ground material 
and also to the dispersion of liquid and heated material. 

Very wide variation is found in the bitumen content of 
emulsions according to the desired application, but many 
range about 50%, and frequently the amount of emulsifying 
agent may reach 10% or more. For paintwork the bitu- 
men is often plasticized with such material as stearin pitch 
for straight work, or with oil varnish if the product is to 
be coloured. The pigmentation of bituminous emulsion is 
carried out by adding the pigment as an aqueous paste, 
some of the water from the emulsion having been reserved 
for the purpose. In this way the pigment is maintained 
water wet, a most important consideration. 

Emulsion films do not flow or sag under heat in the same 
way as do ordinary bituminous films. The reason is that 
emulsion films acquire an artificial rigidity by structure; 
and by way of explanation it is convenient to consider 
the analogy between bituminous films so produced and the 
films of oil-bound water paints. 

A bituminous emulsion is very like water paint, which as 
a rule can be described as a pigmented dispersion of oil or 
varnish in an aqueous solution of glue or casein. The pig- 
ment, mainly water-wet, rides at the interface between the 
globules of the disperse phase and the continuous medium, 
and has very definite functions in maintaining stability of 
the paint and determining the characteristics of the films 
produced therefrom. Similarly, some proportion of solid 
matter is essential for the production of bituminous emul- 
sions, whether they are to be used for road treatments or 
paint purposes (quite apart from emulsifying agents like 
soaps which have another special function). In the absence 
of a definite pigment, bentonite is sometimes used to the 
extent of 4 or 5%, at most, measured on the bitumen 
content. 


To continue the analogy with water paint, when a water- 
paint film dries it can do one of three things: 

(1) dry with the same structure as the wet film, or 

(2) the emulsion may reverse, i.e. become water-in-oil 
instead of oil-in-water type and dry as such, or 

(3) the phases may separate, one of which will dry as 
oil or varnish and the other as pigmented glue or 
casein. 

It is difficult to trace any such changes experimentally, 
but from study of dried films there is no evidence of emul- 
sion break or of separation of the phases as characteristic 
changes. Emulsion break does occur sometimes whilst the 
paint is being brushed out, but in that case the film is un- 
satisfactory and the paint useless. The application and 
drying of bituminous emulsions presumably follows a 
parallel course; moderately pigmented bituminous emul- 
sions can be worked with the brush quite freely, but emul- 
sions containing the minimum amount of solid matter are 
easily broken. Once painted out, the free evaporation of 
water induces a rapid set in the film, which, having a high 
yield value, stays in position, even if very thick, and does 
not sag or flow. 

Now, as the water evaporates, the droplets of bitumen 
must settle down on to the support. Do these droplets 
coalesce and so form a continuous film? If they do, the film 
should not be distinguishable from other types of bitumi- 
nous films (deposited by solvent evaporation), but it is 
known that films formed from bituminous emulsions do 
not flow (at least not for a long time). This resistance to 
flow is dependent upon the film having structure, a quality 
which arises from the arrangement of the solid material in 
the film, presumably, as it originally existed in the fluid 
material. If the structure persists, the original droplets must 
remain as such ; if the droplets coalesce, the structure would 
be lost and the film would no longer resist flow. 

It is often noticed that bituminous emulsion films do flow 
after a time, and this is commonly supposed to indicate the 
complete drying out of the film. This view is only true in 
part; it is not the loss of water as such that matters, but the 
fact that with complete drying out the originally water-wet 
solid tends to become oil-wet, and so pass into the body of 
the bituminous material. The barrier between the globules 
thus being broken down, the film acquires the character- 
istics of the ordinary type. 

V. APPLICATIONS OF BITUMINOUS PAINTS 
AND EMULSIONS 

{a) General Uses 

Considering the many varieties of bituminous paint 
compositions which have been mentioned in this article, 
and that each has been devised more or less to suit some 
special need or conditions of use, it is obvious that any 
attempt to make a complete survey of the applications of 
bituminous paints would soon degenerate into a mere 
catalogue of little value. Bitumens have special proper- 
ties which in some measure they impart to bituminous 
paint films, particularly elasticity, resistance to water, acid, 
alkali, and electrical stress, and a consideration of these 
properties in relation to use on metal, wood, or con- 
crete, on ships, and in the production of electrical gear 
will suffice to cover the whole field of application in a 
general way. 

One considerable weakness of bituminous paint composi- 
tions is their low resistance to abrasion, so that it is often 
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necessary to depend upon using a film of considerable 
thickness. Pigmentation or the use of filling material 
will increase resistance to abrasion, but if this process is 
carried beyond a certain point the material obviously 
becomes more like a plastic bituminous cement or coating 
compound than a paint suitable for brush application. 
Likewise bituminous paints will not give satisfaction if ex- 
posed to materials such as turpentine or petroleum (directly 
or as vapour) which can exercise solvent action on the 
bitumen. 

Once a structure has been painted with bituminous paint 
it is unsafe to apply ordinary paint without using an inter- 
mediate or sealing coat, such as shellac varnish, a proceed- 
ing which is not always satisfactory in the long run. 
Although ageing and exposure of bituminous films result 
in loss of solubility through oxidation, some softening of 
the film during the application of new paint is inevitable, 
resulting in ‘bleeding’ and an injurious action on the drying 
of the superimposed layer of oil paint. On the other hand, 
bituminous paints can be successfully applied over old 
dried films of ordinary paint and varnish, so long as the old 
films are not peptized by the solvent. 

Bituminous paints arc not particularly recommended for 
use on wood, as the heavy and somewhat irregular adsorp- 
tion of the liquid material tends to spoil the appearance of 
the film, and second-coat application to get a good finish 
is not easy. The heavy adsorption and retention of solvent 
by wood often results in trouble developing at a later stage, 
especially if the wood is highly resinous. 

(b) Anti-corrosive Uses 

Bituminous paints and coatings have rightly been con- 
sidered as having special importance from the point of 
view of rust and corrosion prevention; indeed, ihcy are 
mainly prepared for application to iron and steel as anti- 
corrosive preparations. Wherein lies the special qualities of 
bitumen in this respect, and what is the cause of failure 
when failure does occur? Briefly it may be said that the 
value of bitumen as an anti-corrosive material lies in its 
neutrality (except in the case of tars and certain pitches) 
and capacity to exclude both air and water from the metal 
surface. This bald statement, of course, requires qualifica- 
tion and amplification, but, unfortunately, knowledge of 
the mechanism of the protective action of bitumen is even 
less developed than that of other materials. In consider- 
ing the problem of corrosion in relation to bitumen, one 
must remember that there are two principals — the metal 
and the paint. Then follow the obvious questions : Are the 
seeds of corrosion actively present in the metal surface 
before painting? Will the tendency to develop corrosion 
be crushed or inhibited by the paint? What about the 
electrical ‘stray currents’ which work such havoc in under- 
ground structures? What about the atmosphere, for neutral 
atmospheric corrosion is different from that due to acid 
atmosphere? 

For a fuller consideration of these questions reference 
should be made to the general article on ‘Principles of 
Corrosion’. Here the fundamentals of the matter can be 
treated only in a superficial manner, for the purpose of this 
article is to say what experience has found with bituminous 
coatings as anti-corrosive materials with some indication 
as to why certain results have been obtained. 

In general, bituminous paints will give fair service on 
ironwork exposed to ordinary weathering, provided the 
material is properly compounded. The great advantage 
of bitumen is its pronounced water resistance, far above 
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that of most paint films, but this of itself is not sufficient 
to maintain high anti-corrosive quality, for the water 
resistance is lessened very quickly by exposm*e. The bitu- 
minous film must not show pinholes or other breaks per- 
mitting access of the atmosphere, nor must it develop the 
large-scale cracking for which the material has in time past 
been notorious. The adhesion of the film must be high 
so that it will not flake or chip away from the metal as 
the result of accidental blows. Moreover, strong adhesion 
has a marked effect in promoting that resistance to cor- 
rosion under the film which culminates often enough in 
detaching paint in large pieces, particularly from metal 
which has been irregularly descaled and exposed to the 
atmosphere for a considerable time before painting. If the 
innate anti-corrosive capacity of bitumen is due, as many 
suppose, to the presence of certain components having a 
specific inhibiting property, it is most important that they 
should be brought into intimate contact with the metal 
surface, and adhesion is in this respect a most important 
quality. 

In obtaining maximum anti-corrosive quality there must 
be suitable choice of the bitumen, or the bitumen mixture, 
and particularly of the plasticizer used. The chosen bitu- 
men should have low acid value, a minimum ash content, 
and be so compounded with oils and soft material such 
as stearin pitch, and possibly pigment, as to give good 
adhesion with no cracking on exposure. Hence the use of 
bituminous varnishes and japans which suffer less than 
the straight bituminous materials from general weathering 
faults, such as loss of colour and gloss, oxidation leading to 
disintegration of the surface, and lessened water resistance. 
Stoved products usually give better general performance 
than air-dried products, and this is particularly noticeable 
where damp conditions obtain. 

Naturally the relative value of different films will depend 
on the oil length of the material. Large proportions of heat- 
treated linseed and tung oils increase the elasticity, adhe- 
sion, and general durability at the expense of chemical 
and water resistance. 

The question often arises as to the desirability of applying 
bituminous material over iron already coated with red lead. 
The peculiar and valuable properties of red lead as a rust 
inhibitor are well known, and such a priming coat is often 
applied to steel work at the rolling mill. Experiment shows 
that provided the red-lead film contains the minimum 
amount of oil and is hard and roughened sufficiently by 
weathering or otherwise, no particular danger need be 
anticipated from a subsequent application of a bituminous 
coat, especially if fairly long in oil. On the other hand, 
fresh fatty coats of red-lead paint give poor anchorage to 
bituminous material (probably due to the peptizing action 
of solvent on the priming coat), leading on exposure to 
movements between the coats, cracking, and flaking away. 
Bituminous emulsions, as they avoid any solvent action on 
the priming coat, can be applied very successfully over 
red-lead coatings of all ages and conditions, and indeed 
bituminous emulsions can be applied successfully to iron 
direct. The spreading of the bitumen is facilitated in the 
emulsified form, and the wetting power of bitumen for iron 
being greater than that of water, probably avoids undue 
metal/water contact during drying. 

The use of bituminous products on submerged steel has 
been the subject of much debate in recent years, but there 
is little doubt that when reports have been adverse the 
composition used could be criticized as having been un- 
suitable from the beginning. 
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The problem of protecting iron subjected to intermittent 
immersion in water is particularly difficult at all times; it 
is a more serious problem than providing protection under 
conditions of complete immersion. Obviously one is forced 
to a compromise between water resistance as such and 
weathering resistance. Sooner or later, depending on the 
film, its quality, thickness, manner of decomposition, and 
rate of loss by water washing and corrosion, cracks will 
permit access of water to the metal; thereafter the rusting 
effect is not within the control of the bituminous film. 

Pigmentation of the bituminous material, particularly 
with aluminium powder, is an admirable method of pro- 
longing the life of the film under these difficult conditions; 
it mitigates the sun effect, produces a greater resistance to 
the scouring action of the water, and materially improves 
the life of the film. However, apart from the use of 
aluminium, compositions containing tung oil and gilsonite 
have been used very successfully on the wind and water 
line of ships, and, in admixture with fatty acid pitch, as the 
base of anti-fouling paints. 

Bituminous paints have also been found very successful 
for painting the insides of water tanks. 

The admittedly high resistance of bitumens, especially 
the harder types, to the attack of acids, alkalis, and chemi- 
cals generally leads to obvious uses for bituminous paint 
compositions in chemical works and the like for the pro- 
tection of the structure, tanks, and floors. One example 
of use which is perhaps unusual is the successful painting 
of steel lorries used for the carriage of salted hides from 
the docks to tanneries. Ordinary oil-base paints are de- 
stroyed very quickly as they arc permeable to salt solution, 
with the result that the steel not only corrodes very rapidly 
but stains the hides. Whatever the paint, once the salt 
solution penetrates the coating, corrosion will be rapidly 
stimulated, causing blisters and throwing off the paint in 
patches. Straight bituminous paint admirably resists the 
.salt, but does not withstand the vibration and hard usage, 
for it flakes away in places. The requirement is met by a 
bituminous product so nicely balanced in its composition 
that there is sufficient bitumen to give impermeability and 
chemical resistance and sufficient plasticizer to give adhesion 
and mechanical resistance to shock and hard wear. 

(c) Uses as Emulsions 

Bituminous emulsion paints are now enjoying con- 
siderable general use; mention has already been made 
of bituminous emulsions in anti-corrosion work and of 
aluminium paints on a bituminous base for which purpose 
the emulsion form is suitable. Bituminous emulsions can 
also be coloured by pigment, and the pigment particles, 
water-wet but lying at the interface, shroud the bitumen 
particles to some extent and thereby give the product a 
clean shade if the pigment is a strong staining colour. 
Films made from bituminous emulsion are less susceptible 
to heat than similar bitumen applied in ordinary solvents, 
with the result that emulsion films do not flow and sag on 
exposure to the sun as do the other type of bituminous 
films. However, the principal use of bituminous emulsion 
paints is for application to damp walls, fresh concrete, and 
the like, whereby good adhesion is obtained between the 
damp surface and the bituminous film. 

{d) Electrical Uses 

The use of bituminous products for electrical work is 
well known, both as insulating varnish and as filling com- 
pounds and the like. The use of bitumeafor this work is 


dependent first upon suitable electrical properties, high 
dielectric strength, &c., but also upon its resistance to 
moisture, a most important factor in insulation. The dis- 
advantage of bitumen in electrical work lies in its suscepti- 
bility to mineral oil. Some mitigation of this trouble is 
obtained by using bituminous varnishes and japans con- 
taining a substantial proportion of oxidized vegetable oil 
which when stoved yield hard films capable of resisting the 
attack of mineral oil fairly well. 

Varnishes such as those described for electrical purposes 
are also used for impregnation of papers, tapes, boards, 
brake linings, and many other purposes. 

VI. TESTING OF BITUMINOUS PAINT 
COMPOSITIONS 

The value of the product and the devising of tests for the 
determination of the same must depend upon its nature and 
the purposes for which it is intended to be used. 

The first group of tests to be applied can be properly 
described as tests relating to composition : 

(a) Non-volatile Matter 

(1) Bituminous content, type and quantity. 

(2) Oil content, if any, type and quantity. 

(3) Pigment content, if any, type and quantity. 

(4) Presence or absence of specified materials. 

(b) Volatile Matter 

Type, boiling range, and quantity. 

(c) Characteristics 

Such as flash-point, specific gravity, viscosity, miscibility 
with oil, &c. 

The exact requirements of these tests will vary widely 
according to circumstances, but they are of the nature of 
specification tests, for details of which various British Stan- 
dard Specifications may be consulted. 

Sometimes it is necessary to make a more detailed chemi- 
cal examination of the material, and that being so, indica- 
tion may be given as to the manner of carrying out such a 
scheme of test, although for full details reference should be 
made to standard works. 

The first step is to separate 

(1) solvent, 

(2) pigment or filler, 

(3) bituminous base or medium. 

The most obvious method of removing solvent from 
bituminous paint products is ordinary steam distillation. 
Definite forms of apparatus have been devised for speci- 
fication purposes. When the distillation is finished, the 
quantity of distillate can be measured and examined by 
chemical and other means, such as the determination of 
specific gravity, refractive index, flash-point, distillation 
range, as required for identification. 

Certain care has to be taken in respect of water-soluble 
matter which may otherwise be lost. If the distillate does 
not separate readily from the water, this separation can 
be facilitated by the addition of sodium chloride, the 
use of which will result in a clear separation of the two 
layers. 

The clean separation of pigment, if any, is a matter of 
repeated extraction with benzol or other solvent until the 
pigment is free from traces of the vehicle. A centrifuge or 
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a Soxhlet thimble may be used. If no pigments or fillers are 
present, the vehicle is examined directly after the removal 
of the solvent. If oxidizable substances are present, any 
evaporation must be carried out in a neutral atmosphere. 

After removal of volatile matter the medium is weighed, 
and is then saponified by refluxing for an hour with a 20% 
solution of caustic potash in methyl alcohol (5 c.c. per g. 
of medium) and an equal volume of benzene. The saponi- 
fied mixture is diluted with about twice its volume of 1 % 
potassium chloride which serves to reduce the tendency to 
emulsification. The unsaponifiable matter is next extracted 
by means of benzene, the extract is dried by means of 
sodium sulphate, the benzene evaporated, and the resi- 
due weighed as unsaponifiable matter and its nature de- 
termined by examination of its physical and chemical 
properties. In this connexion it should be noted that in- 
soluble mineral matter and free carbon have already been 
removed with the pigment. In addition to bituminous 
materials, the unsaponifiable matter may contain rubber, 
chlorinated rubber, coumarone and other unsaponifiable 
synthetic resins, lanolin, petroleum products such as vase- 
line and paraffin wax, alcohols from saponifiable waxes, 
and unsaponifiable matter from natural resins, should any 
of these materials be present. Separation is best effected by 
extraction with suitable solvents. 

The aqueous layer after removing the unsaponifiable 
matter is acidified and subjected to steam distillation. The 
presence of phenols in the distillate is an indication of the 
presence of a tar such as coal, wood or bone tar or pitch, or 
rosin pitch. Mineral bitumens, such as gilsonite, and fatty 
acid pitches, such as stearin pitch, do not yield any phenols. 

The residue after removal of the phenols is allowed to cool 
and extracted with ether. The ether extract contains any 
fatty and resin acids present in the original material. These 
are separated by any of the standard esterification processes, 
of which Wolft'’s method [2] may be recommended, and the 
separated fractions weighed. The esterified fatty acid frac- 
tion may contain esters of oil acids, which can be identified 
by determination of their refractive index, hexabromide 
value, iodine value, &c., and of acids derived from fatty 
acid pitches; the pitch acids are distinguished from the oil 
acids by their high lactone value (> 25), Kramer-Sarnow 
fusing-point (> 25"" C.), and hardness (> 5-0 at 25° C.) and 
darker colour. The resin acids may be identified by means 
of their colour reactions, acid value, &c. 

The aqueous residue after extraction of the fatty and 
resin acids should be tested for glycerol. If this is present, 
the original material contains vegetable or animal oil. If 
fatty acid pitch has been shown to be absent, the proportion 
of oil present may be calculated by multiplying the weight 
of fatty acid esters by the factor 0*95. If the presence of 
fatty acid pitch is known or suspected, the glycerol should 
be determined quantitatively, and the quantity found multi- 
plied by 10 to give the weight of oil present in the sample. 
From this value the weight of oil and esters may be calcu- 
lated in order to ascertain whether the fatty ester fraction 
consists entirely of esters of oil acids, or whether, alterna- 
tively, esters of fatty acid pitch acids are present. The small 
percentage of glycerol present in fatty acid pitch may be 
ignored in this calculation. 

The aqueous liquid may contain, in addition to glycerol, 
salts of any metals present in the material under examina- 
tion. Likely metals are lead, manganese, and cobalt, 
present as oil driers, and zinc, calcium, and magnesium, 
present as hardening agents for rosin. These may be 
detected by the ordinary methods of qualitative analysis. 
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and, if necessary, determined quantitatively in aliquot por- 
tions of the solution. Otherwise the examination of the 
base material follows the scheme outlined in the sections 
dealing with selection of the components. 

The second group of tests to be applied may be described 
as tests relating to general performance of the product in use : 

(d) Workability or Flow. 

(e) Drying Time. 

(/) Covering Power and Hiding Power. 

(d) Workability or Flow 

Much can be learned from the report of a skilled painter 
working under normal conditions as to the brushing quali- 
ties of the material. 

In those cases where the material is to be applied by 
spray or by dipping, the procedure must be modified 
accordingly. Japans, for example, are frequently applied 
by dipping, and it is customary to measure by weighing the 
film thickness left on suitable paper or metal strip when 
withdrawn from the dipping bath at a definite rate and sus- 
pended vertically to drain and dry. 

(e) Drying Time 

The important points to notice are the time which elapses 
before a painted-out film just loses its tack and the time 
when the film becomes firm and tough. 

A useful indication as to the manner of carrying out 
drying-time tests is given in British Standard Specifications 
for Varnishes. The test requires that the varnish shall 
become surface dry in not more than 6 hours and hard 
dry in not more than 18 hours, when tested in the following 
manner. 

‘The varnish shall be brushed on a tinned iron panel of 
convenient size so as to produce a dry film weighing 
approximately J oz. per sq. yd. (25*5 g. per sq. in.). The 
varnished panel shall then be placed in a vertical position 
in a well- ventilated room at 60° F. (15-6° C.). The varnished 
surface shall be illuminated by difiused daylight for at least 
6 hours during the drying period, and care shall be taken to 
protect it from exposure to direct sunlight. 

‘By the term “surface dry ” is understood such a condition 
that clean, dry, silver sand (graded so as to pass a No. 52 
B.S. Sieve, but to be retained on a No. 100 B.S. Sieve (B.S.S. 
No. 410) which has been sprinkled on to the surface of 
the varnish film and allowed to remain there for about 1 
minute, can be removed, without injury to the varnish film, 
by means of a camel-hair brush. 

‘By the term “hard dry” is understood such a condition 
that a second coat of the varnish can be satisfactorily 
applied after slight rubbing down.’ 

Mechanical methods have been developed and used for 
carrying out the same test in an automatic manner. 

For electrical work a rather more elaborate procedure 
is usually required, such as will be found described in 
B.S.S. No. 514. 

(/) Covering Power and Hiding Power 

The covering or spreading power is the amount of 
material used in normal application, expressed as gallons 
or pounds per unit area covered, and is determined by 
weighing the panel before and after application. Hiding 
power may be defined as obliterating power, and hiding 
thickness is the minimum thickness of paint which will 
obliterate beyond recognition any background upon which 
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it may be spread. Actually hiding power regarded as a 
measurement of opacity or transparency of the film can 
be directly determined without the intervention of any 
background. In any case the determination of this figure 
is a matter of instrumental measurement, and the various 
methods for determining the same should be consulted in 
the standard works on paint technology. 

Finally, it is necessary to devise tests for the examination 
and determination of the performance value of the films 
themselves. The tests to which the finished films are sub- 
jected must depend upon the use to which they are to be 
put, such as the determination of water absorption, water 
permeability, resistance to acids, alkalis, and oil, elasticity, 
weathering, electrical properties, &c. 

(g) Water Absorption 

Except for electrical purposes, it is sufficient to study the 
condition of the dried and possibly stoved film after 
immersion in water for 24 hours. High absorption will 
often cause a dulled surface and loss of adhesion, and in 
the case of material used as insulating varnish, loss of 
electrical strength. More elaborate methods for determin- 
ing the permeability of films to water can be used if 
necessary. 

In B.S.S. No. 514 for Baking Insulating Varnish (Bitu- 
men type) the resistance to moisture is determined by an 
electric strength test on varnished paper at 20"’ C., which 
under defined conditions of test shall not be less than 
500 volts per mil. The conditions of test are fully described 
in the specification. 

(h) Resistance to Acids, Alkalis, and Oil 

The dried film is subjected to the action of sulphuric acid, 
and, if necessary, other acids, and to the action of sodium 
hydroxide for a period of hours, or in some cases days, 
depending upon the strength of the acid or alkali used. 
In the case of the sulphuric acid test, American practice 
requires the dried film to withstand 33% acid for 6 hours, 
but it is rather unusual to require acid of such strength, 
20% being probably the limit strength used in the ordi- 
nary way. 

Paints made from coal-tar pitches are much less resistant 
to strong acids than paints made from petroleum bitumens 
and natural asphalts. 

The usual method of testing resistance to oil is immersion 
in transformer oil at 100° C. for 24 hours. The bituminous 
varnish should not be softened sufficiently to produce a 
stain when rubbed with a white cloth. 

(;) Elasticity and Ageing Test 

This type of test is of special value in the case of baking 
japans and bituminous varnishes. The material is applied 
to one side of strips of clean copper foil (6 in. x 2 in. x 10 mil 
thick), and when dry bent over a rod i in. in diameter. The 
exact details of the test will naturally vary with the use to 
which the material is put and the performance required of 
it; as an example B.S.S. 514 for Baking Insulating Varnish 
(Bitumen type) requires the following: 

‘ The ageing test shall be carried out on a strip of varnished 
copperfoil 10 mils thick and about 6 in. by 2 in. Thefoil shall 
be sufficiently flexible to withstand, without cracking, 30 
bends (15 in each direction) round a rod i in. diameter. . . . 
The surface of the foil must be free from grease, and this 
can be secured by rubbing it with cotton-wool dipped in 
benzole. 


‘The varnish shall be applied, to one side of the foil only, 
by flowing over the clean surface of the foil so as to produce 
a uniform film. The varnished foil shall be allowed to dry 
in dust-free air in an upright position for half an hour 
at a temperature between 15° C. and 25° C. It shall then be 
stoved for 2 hours at a temperature between 100° C. and 
105° C., and the air content of the oven shall be changed not 
less than three times per hour. A second coat of varnish 
shall then be applied, and the specimen shall be drained and 
stoved as before. When the specimen is being drained and 
stoved the second time, it shall be placed in the reverse 
direction to that employed for the first time. 

‘On removal from the oven the varnished foil shall be 
kept for 1 hour at a temperature between 15° C. and 
25° C., and the thickness of the film shall then be measured. 
The film shall be not less than 5 mils or more than 7 mils 
thick; if less than 5 mils further coats of varnish shall be 
applied as before, the final coat being stoved until the 
varnish is dry; the stoving period for this coat shall not 
exceed 8 hours. 

‘The varnished foil shall be heated for 100 hours at a 
temperature between 1 15° C. and 120° C., the air content of 
the oven being changed not less than three times per hour. 
At the end of this period the varnished foil shall kept at 
room temperature (15-25° C.) for 1 hour. 

‘The foil, with the varnish film outside, shall be bent 
double over a rod i in. diameter by means of the apparatus 
shown in Fig. 2, the rate of bending being such that the com- 
plete bend of 180° is performed in 2 seconds. The bending 
test shall be made at two places on the sample, and shall 
be carried out at room temperature (15-25° C.). 

Note. — Some samples of copper foil themselves show 

minute hair cracks, and, when cracking is observed, care 

must be taken to ensure it is in the varnish.’ 

{k) Weathering 

The determination of the performance value of paint and 
varnish films, both by natural weathering and artificially 
accelerated weathering, is an everyday procedure. 

Bituminous products are no exception to the general 
rule, namely, that they change both physically and 
chemically on exposure to the air and atmospheric in- 
fluences. 

It is possible to correlate or connect the results of exposing 
films of bituminous material with changes due to oxidation, 
polymerization in the mass of the material itself, and the 
leaching out of water-soluble substances from the body of 
the material. 

Whether it is possible to correlate the performance of 
films naturally exposed to those weathered artificially is a 
debatable question perhaps, but no doubt experience and 
care in judgement permits useful results to be obtained 
from accelerated tests. Without entering into the details 
of the methods of carrying out such tests, they usually con- 
sist of a cycle of operations involving exposure to light from 
carbon arcs or mercury-vapour lamps, rain-water, and 
changes in temperature down to freezing-point. These 
processes simulate the conditions of natural exposure and 
lead to changes in the water content of the film and move- 
ment of one layer of the bituminous material over another, 
such as the upper crust sliding over the softer sub-stratum 
leading the checking, wrinkling, and, in the end, cracking 
of the material. Cracking in the first stage may be very fine, 
only visible under the microscope, but, in the end, it may 
become very large and coarse. 

Another test which is commonly applied to certain 
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types of bituminous coatings is to spray with salt-water. 
No elaborate arrangements are necessary, it usually being 
sufficient to suspend the panels in a cupboard or small room 
into which a mist of salt-water is projected. The break-down 
of films can be tested by an electrical conductivity method 
in which the panels are spotted by a conducting solution, 
and where there is a break-through of the film or a crack 
on its surface the position is disclosed by the completion 
of a suitably arranged electric circuit. 

Exposure of bituminous films, especially to light, leads 
to marked changes in the state of the bitumen, which 


becomes lighter in colour, less soluble, more heavily 
carbonized, rather harder, and less resistant to moisture. 
Part of these changes are due to loss of volatile material 
by evaporation, partly to oxidation, and partly to poly- 
merization effects. 

The extent of these changes, which are indicated by 
altered appearance of the bituminous film, particularly 
colour change, loss of gloss, powdered surface, cracking, 
flaking, and corrosion (if on iron panels), is the inverse 
measure of the durability of the material against weather- 
ing influences. 
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THE COLLOroAL STRUCTURE OF BITUMENS 

By F. J. NELLENSTEYN, Ph.D. 

Government Road Laboratory ^ The Hague {Holland) 


At the beginning of this century Richardson [18, 1906] 
published his researches on Trinidad asphalt; hence- 
forth this field was opened for colloid chemistry. The 
principal fact is the application of the ultra-microscope to 
asphalts, i.e. mixtures of asphaltic bitumens and fine 
mineral powders, so-called ‘fillers’. Attention is especially 
drawn to these ‘colloidal fillers’ in Trinidad asphalt, but 
the problem of the asphaltic bitumen as a colloidal system 
is neglected. Richardson’s ultra-microscopical researches 
arc continued by E. C. Lord [5, 1919]. 

The colloid chemistry of asphaltic bitumen has been 
especially studied by the author and his co-workers [12, 
1932]. 

The nomenclature followed here is fixed by the Permanent 
International Association of Road Congresses. The principal 
definitions are: 

Bitumens. Mixtures of natural or pyrogenous origin or combina- 
tions of both (frequently accompanied by their non-metallic deriva- 
tives) which can gaseous liquid, semi-solid, or solid, and which 
are completely soluble in carbon disulphide. 

Asphaltic Bitumen. Natural or naturally occurring bitumen or 
bitumen prepared from natural hydrocarbons by distillation or 
oxidation or cracking; solid or viscous, containing a low percentage 
of volatile products; possessing characteristic agglomerating proper- 
ties, and substantially soluble in carbon disulphide. 

Tar. A bituminous product viscous or liquid resulting from the 
destructive distillation of carbonaceous materials. 

Asphalt. Natural or mechanical mixtures in which the asphaltic 
bitumen is associated with inert mineral matter. 

Although many controversies remain, I give the follow- 
ing survey of theoretical views, which are more or less 
generally accepted : 

The Constitution of Asphaltic Bitumens, Asphalts, and 
Allied Systems, e.g. Tars. 

These systems are highly protected lyophobe sols. As 
such they contain three principal groups of components 
[9, 1928]: 

(1) the medium; 

(2) a lyophile part: the protective bodies; 

(3) a lyophobe part: the ultramicrons and microns. 

The medium may be characterized as a mineral lubri- 
cating oil in asphaltic bitumens, and asphalts, and aromatic 
oils in tars. 

The protective bodies generally are highly unsaturated 
hydrocarbons, often with a high sulphur content. In their 
physical properties these bodies resemble resins. 

The nature of the lyophobe part, the ultramicrons and 
microns, has been a subject of much discussion. I shall 
revert to these controversies later. 

Stability Conditions. The disperse phase of these systems 
is formed by the last two groups, the protective bodies and 
the ultramicrons or microns, these groups being the con- 
stituents of the asphaltic bitumen-, asphalt-, or tarmicelles. 
The stability of these systems in the first place depends 
upon the relation between the micelles and the medium. 
Changes in this stability caused by ilocculative and pep- 
tizing agents are known as the phenomena of the ‘reversible 
flocculation’. Flocculated micelles may be repeptized by 
peptizing agents, as long as the micelles remain intact, but 


if the micelle itself is destroyed, it cannot be repeptized 
directly by peptizing agents; in this case ‘irreversible floc- 
culation’ takes place. 

The reversible flocculation of asphaltic bitumen and 
asphalt conforms to the surface-tension rule, given by 
the author [9, 1928]. 

When mixing asphaltic bitumen with liquids, which are 
totally miscible with the medium and the protective bodies 
of this bitumen, flocculation occurs when the liquid has 
a surface tension below 24 dynes per cm. at 25° C. ; if the 
surface tension is higher than 26 dynes per cm. total pep- 
tization takes place, while in the intermediate zone of 24-26 
dynes per cm., flocculation or peptization depends upon 
the more or less stable character of the micelle. 


The following table shows the relation of flocculating 
and peptizing properties of different liquids, which are 
totally miscible with the medium and protective bodies of 
asphaltic bitumen: 

Surface 


Liquid 

Pentane . 

Ether 

w-Hexanc 

w-Heptane 

Carbon tetrachloride 
Cyclohexane . 
Chloroform 
Benzene . 

Toluene . 
p-Xylene 

Carbon disulphide 
Pyridine . 
Nitrobenzene . 


tension 
at 25^ C. 

. 13 - 5 ^ 

. 16-7 I Flocculating 
. 17*0 ( reagents 

. 18 * 6 J 

. 25*4 \ Intermediate 
. 25*7 J zone 
. 26-2 
. 27-7 
. 28-4 
. 291 
. 30-6 
. 34-9 
. 42-5 


I Peptizing 
I reagents 


Carbon tetrachloride, as a liquid of the intermediate 
zone, combines peptizing and flocculating properties. It is 
apt to flocculate especially when a less stable system has 
been formed; in practice this is caused by faults during 
distillation or blowing, or when road asphalt has been over- 
heated during the mixing process. A slight decomposition 
of the micelle, not going so far, however, to the formation 
of ‘free carbon’, which is insoluble in carbon disulphide 
and other high surface-tension liquids, may be detected by 
adding carbon tetrachloride. This fact has already been 
stated by Richardson, but according to the generally 
accepted classic-organic views, he supposed the presence of 
special compounds, soluble in carbon disulphide but in- 
soluble in carbon tetrachloride, which he called ‘carbenes’, 
and which should always indicate an inferior character of the 
asphaltic bitumen. According to the preceding considera- 
tion, the intermediate position of carbon tetrachloride 
between the low surface-tension flocculating liquids and the 
peptizing high surface-tension solvents explains Richardson^ s 
reaction of the so-called carbenes simply as a reaction of a less 
stable asphaltic bitumen micelle. The fact that the solubility 
of asphaltic bitumens principally depends upon two factors, 
i.e. surface tension and miscibility, is clearly demonstrated 
by the followting reaction. 

Asphaltenes, precipitated from asphaltic bitumen with 
ether, and thoroughly washed with the same solvent, arc 
practically insoluble in this liquid (surface-tension insolu- 
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bility). These asphaltenes are also insoluble in aniline, 
which has a high surface tension (42 dynes per cm. at 25°) 
but is not miscible with the protective bodies in the asphal- 
tenes. In a mixture of both liquids containing equal parts 
of aniline and ether, these asphaltenes are totally soluble. 
The value of the critical surface tension is related to the 
surface tension of the bitumen, which shows only slight 
variations for various asphaltic bitumens, but which is 
much higher for tars, about 8-10 dynes per cm. [16, 1930]. 
In consequence the critical surface tension, marking the 
limit between flocculative and peptizing reagents, has a 
much higher value than for asphaltic bitumens. Therefore 
liquids which arc peptizing reagents for asphaltic bitumens 
may be flocculents for tars; this is the case with carbon 
disulphide and benzene. By these reagents ‘free carbon’ 
is precipitated from tars. It means, in accordance with 
practical experience, that the ‘free carbon’ belongs to the 
necessary compounds of a good tar. 

While the reversible flocculation of the disperse phase of 
asphaltic bitumens and allied substances is a pure physical 
phenomenon, irreversible flocculation is mostly caused by 
chemical reactions, involving radical changes in the relation 
between the ultramicrons and the protective bodies; by 
these reactions the protected bodies are attacked and often 
destroyed. This causes a decreased stability and often a 
total destruction of the whole system. 

A physical reaction causing irreversible flocculation is the 
exhaustive extraction with different liquids of successively 
increasing surface tension (gasoline of low boiling-point 
or ether, carbon tetrachloride, benzene). This reaction is 
theoretically important; it demonstrates that the degree of 
protection of the ultramicrons determines the solubility of 
the micelle and not a hypothetical chemical difference 
between products of different solubility, for which all sorts 
of names have been invented. 

Microscopic and Ultramicroscopic Pictures of Asphaltic 

Bitumen, Natural and Artificial Asphalts, and Tars. 

When investigating solutions of various bitumens micro- 
scopically or ultramicroscopically, solvents should be used 
of about the same surface tension as the bitumen. For 
asphaltic bitumens and asphalts carbon disulphide, for tars 
nitrobenzene or solvents of about the same surface tension 
and also totally miscible with the medium and the pro- 
tective bodies of these systems are to be used. 

There is a marked difference between the ultramicro- 
scopic image of asphaltic bitumen and that of asphalt, but 
not between that of natural and artificial asphaltic bitumen 
or natural and artificial asphalt. Gilsonite, a natural, pure 
organic product, shows the same ultramicroscopic image 
as artificial asphaltic bitumen. This picture is not easily 
obtained; the best way is to use rather concentrated (I0';'o) 
solutions and a powerful light source, while painstaking 
focusing and other precautions are required. The ultra- 
microns arc very fine and not very luminous. 

It has often been suggested that the inorganic compounds 
of natural asphalts have a special ‘colloidal’ character. 
However, there is no difference in the ultramicroscopic 
image of filtered solutions of natural asphalts and those of 
artificial asphalt mixtures if a fine filler has been added. 
The natural fillers are very fine, but not finer than some 
artificial ones. The ultramicroscope clearly indicates that 
there is no principal difference between natural asphalts and 
artificial mixtures of asphaltic bitumens and fillers. 

Solutions of asphaltic bitumen are as a rule optically 
empty when examined with a microscope. Tar solutions. 


on the contrary, generally show a number of microns. The 
micron number, i.e. the number of microns in 1 mm. [3, 
1913] of tar, counted in a 1% nitrobenzenic solution, has 
proved in practice to be a valuable indication as to the 
binding properties of the tar. 

The foregoing gives an insight into the ‘stabilizx^d’ 
aspects in this field of science, although many controversies 
remain. The first and most important question is that of 
the nature of the micelle kernels. Are these kernels highly 
polymerized hydrocarbons, sulphur or oxygen containing 
condensation products, or elementary carbon? 

In the first and second case the kernels are supposed to 
be big molecules, the inner part consisting of carbon atoms, 
the outer part containing carbon, hydrogen, sulphur, and 
oxygen atoms. In the elementary carbon theory the carbon 
kernel is supposed to be protected by hydrogen, sulphur, and 
oxygen containing compounds, which compounds should 
be bound by adsorption. Although theoretically there is a 
principal difference between these views, attention may be 
drawn to the fact that in all these views an inner part of 
carbon is supposed to exist in these kernels; the external, 
hydrogen-containing part, may be connected to the internal 
carbon conglomerate by chemical bonds or by adsorption. 

X-rays, applied according to Debye-Scherrer, show the 
presence of graphitic carbon in asphaltic bitumen, especially 
in the asphaltenes [11, 1933]. A reaction which may give 
an insight into the problem of the nature of the micelle 
kernels is the oxidation with KMn 04 [8, 1925], especially of 
asphaltenes, which have been exposed to a long-continued 



Fig. 1 . X-ray diagram of asphaltenes in asphaltic bitumen, 
showing presence of graphitic carbon (Debye-Scherrer method). 

extraction with solvents such as ether or gasoline. The oxi- 
dation products generally arc the same as those obtained 
with active carbon, i.e. aromatic compounds (mellitic acid) 
and aliphatic products, which until now could not be identi- 
fied but which arc allied to the carbohydrates. From the 
X-ray image and this oxidation reaction it may be concluded 
that in a normal asphaltic bitumen graphitic carbon is 
certainly present. It is an open question whether the other 
allotropic modification of carbon, the diamond, may also 
occur in the cryptocrystalline form, and if this ‘diamond- 
like’ or aliphatic cryptocrystalline carbon is also present 
in the asphaltenes [7, 1925]. 

Besides elementary carbon many other products may 
play the role of micelle kernels in these systems, such as 
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fine mineral powders or fillers. Principally these systems 
may be built up from an oily medium, lyophile protective 
bodies, and lyophobe micelle kernels; but there is no special 
requirement as to the nature of the kernels. 

in coal tars the micelle kernels consist of elementary 
carbon for the greater part of graphitic character. 

A second important problem is that of the genesis Oj 
asphaltic bitumen and asphalt. In the opinion of many 
investigators, e.g. H. Abraham in his well-known work 
Asphalts and Allied Substances [1, 1929], petroleum when 
once formed is gradually converted into the other types of 
asphaltic bitumen or pyrobitumen, under the influence of 
time, heat, and pressure. This process of transformation is 
known as metamorphosis. According to a theory, advanced 
by Richardson, mineral matter in a finely divided form, as, 
for example, colloidal clay, hastens the transformation of 
natural gas or petroleum byactingasacatalyser. In studying 
the well-known Trinidad asphalt lake deposit, Richardson 
concludes that an asphaltic petroleum existing at a con- 
siderable depth is converted into a more solid form of 
bitumen upon being thoroughly emulsified with colloidal 
clay, sand, and water through the medium of natural gas 
at a high pressure. During the metamorphosis hydrogen is 
gradually eliminated, the hydrocarbons becoming enriched 
in carbon, and from a chemical standpoint more complex 
structurally. The changes brought about during this pro- 
cess may be regarded as a form of polymerization, in which 
the hydrocarbon molecules become rearranged into more 
complex molecules of higher molecular weights. Abraham 
summarizes his views as follows : 

From this view-point we may regard petroleum as passing 
in gradual stages under the influence of time, heat, pressure, 
and catalysers into the soft native asphalts, which in turn 
pass into harder native asphalts and then into asphaltites, 
and finally into the asphaltic pyrobitumens and asphaltic 
pyrobituminous shales [1, 1929]. In the American nomen- 
clature asphaltic bitumen and asphalt are called asphalt. 

Abraham gives the following scheme: 

Petroleum 

I 

I "I 

Non-asphaltic petroleum Semi-asphaltic and asphaltic petroleums 

; I 

Mineral waxes Asphaltic bitumen 

' 1 

Pure and Impure 

fairly pure (rock asphalts) 

I I 

Asphaltites (impure asphaltites) 

I I 

Asphaltic pyrobitumens Asphaltic pyrobituminous 

shales 

According to the author and Thoenes [17, 1933], how- 
ever, the asphaltic bitumen present in asphalts and in 
asphalt-base mineral oils originates from proteins as raw 
material, and not from the metamorphosis of petroleum. 
They succeeded in a direct conversion of proteins in the 
presence of CaCOg and MgCOa in a very finely divided 
state, acting as a catalyser into a product, very closely 
related to natural asphalts. For this conversion about the 
same conditions are required as for the conversion of fatty 
acids into petroleum, namely, high pressure (up to 50 atm.) 
and a temperature of about 300°. Generally the raw 
material for this conversion consists of a mixture of pro- 
teins and fats or fatty acids, and so it depends upon the pro- 
portion of both components, which products may be formed 
under the influence of high pressure and temperature. 

From this view-point the formation of the micelle kernels 
depends chiefly upon the protein con:eht of the raw 


material for the asphaltic bitumen and mineral oil, while 
the fats and fatty acids of that raw material are transformed 
in mineral oil or into the oily medium of asphaltic bitumen. 
The following scheme illustrates these views : 

Raw material Product 

Fats or fatty acids with very Mineral oil with low asphaltene 
small protein content. content (Paraffine base oils or 

non-paraffinic). 

Fats or fatty acids with medium Asphalt base oils, 

protein content. 

Fats or fatly acids with high Asphaltic bitumen. 

protein content. 

Fats or fatty acids with high Asphalt, 
protein and CaCOs content. 

A third important problem is that of the conversion Oj 
mineral oils into asphaltic bitumen. This problem is closely 
related to the first mentioned: the nature of the micelle 
kernels. The transformation of the hydrocarbons present 
in mineral oils into the micelle kernels of asphaltic bitumen 
may be characterized as a dehydrogenation. The older 
views (polymerization (Engler [3, 1913]) and formation of 
oxygen or sulphur-containing compounds (Marcusson [6, 
1931])) are definitely to be discarded. There are no indica- 
tions that polymerization plays an important part in the 
formation and transformation of asphaltic bitumen. Re- 
garding Marcusson’s hypothesis, it may be noted that when 
oxidizing mineral oils with air (blowing process), analysis 
shows that little or no oxygen actually combines with the 
hydrocarbons. 

The principal reagents for the conversion of hydro- 
carbons into asphaltic bitumen are oxygen and sulphur. 
Abraham [2, 1929] gives the following scheme for the 
dehydrogenation: 

C^Uyl O - > } H2O 

QH, -f S ->C,H^_2+U2S. 

He supposes a gradual dehydrogenation. This must lead 
to the formation of micelle kernels, consisting of big mole- 
cules of high carbon content. 

The author’s scheme [14, 1932] for the dehydrogenation 
is quite different. He supposes the presence of mono-atomic 
carbon radicals in mineral oils, which are converted into 
elementary carbon, the micelle kernel of asphaltic bitumen 
in the following way : 

CH 

CHa I O2 > C^^CO+COa+HaO 

CH3 

CH 

CHa+S->C+H2S 

CHa 

The hypothesis of the presence of active radicals in 
mixtures of hydrocarbons originates from Bone, who made 
the supposition that in pyrogenic reactions mono-atomic 
carbon groups such as CH3, CHa, and CH having a real, 
but fugitive, existence play an important part. The author 
modified and extended this hypothesis in this way — that 
these mono-atomic carbon radicals are supposed to exist 
permanently in mineral oils as dissociation products. It is 
not easy to get a direct proof for the existence of these 
dissociation products, but all these dehydrogenation reac- 
tions may be readily explained as reactions between these 
groups and the dehydrogenating reagent. 

Many problems remain in this field; here colloid 
chemistry has to wait until organic chemistry has brought 
more light in the apparently very complicated problem of 
the composition of these hydrocarbon mixtures. 
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SULPHURIC ACID SLUDGES AND SULPHURIC ACID 

RECOVERY 
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Vice-Presidents, Chemical Construction Corporation, New York 


1. Introduction; Nature of Petroleum Acid Sludges; 
Problems of Sulphuric Acid Recovery ; Early Methods 
of Recovery 

Introduction. The treatment of petroleum distillates with 
sulphuric acid results in the formation of reaction products 
which remain associated with the unconsumed acid as a 
viscous liquid or semi-solid material, known variously as 
petroleum acid sludge, refinery acid sludge, sulphuric acid 
sludge, or acid sludge. The utilization of this material is 
a problem as old as the petroleum-refining industry itself. 
The value of the sulphuric acid used only in treating lubri- 
cating oils in the United States in 1929 has been estimated 
at $8,300,000.00, of which 40% was irrevocably lost [56, 
1930]. These figures are exclusive of the acid used in 
treating other petroleum products such as gasoline. While 
the general business depression and the development of 
other refining methods has somewhat reduced the con- 
sumption of sulphuric acid in recent years, the total 
quantities used are still impressive, being reliably estimated 
as exceeding 680,000 tons, computed as equivalent sul- 
phuric acid monohydrate, for 1934 in the United States 
alone [1, 1935], Unfortunately the fact that the petro- 
leum technologist is ordinarily highly trained in organic 
chemistry, while sulphuric acid is an inorganic compound, 
has resulted in the refinery acid plant receiving ‘step-child’ 
treatment in many cases and not the careful study merited 
by its economic importance. 

Nature of Petroleum Acid Sludges. The composition of 
acid sludge is exceedingly complex and varies considerably 
with the nature of the oil treated as well as with the 
strength of acid and the treating technique used. Never- 
theless, since the different types of petroleum differ from 
each other only in containing different proportions of com- 
mon basic constituents, the composition of acid sludges can 
be predicted from a study of the reactions between sul- 
phuric acid and these basic constituents of petroleum. 
These reactions may be summarized for the principal con- 
stituents as follows : 

{a) Paraffins, Pure paraffins give practically no reaction 
with sulphuric acid, but in mixtures with naphthenes they 
may be dissolved, oxidized, and sulphonated [14, 1923; 
53, 1930]. 

{b) Naphthenes, Pure naphthenes give practically no 
reaction with sulphuric acid, but in mixtures with paraffins 
and other hydrocarbons they may be dissolved, oxidized, 
and sulphonated, especially if the treatment is carried out 
at high temperatures and with concentrated or fuming 
sulphuric acid [9, 1930; 14, 1923; 53, 1930]. 

(c) Aromatic Hydrocarbons, Aromatic hydrocarbons 
react with sulphuric acid to form sulphonic acids which 
are partly dissolved in the acid sludge. Some are dissolved 
without the formation of sulphonic acids, while others may 
form condensation products with olefines and other hydro- 
carbons under the influence of sulphuric acid [43, 1927; 
53, 1930]. 

(d) Unsaturated Hydrocarbons, One of *he chief objects 


of the acid treatment of oils is the removal of certain 
unsaturated hydrocarbons, especially those which tend 
to form gums or to discolour the product. Several pos- 
sible reactions may occur, including (1) polymerization, 

(2) formation of mono- and di-alkyl-sulphuric esters, 

(3) formation of secondary and tertiary alcohols, (4) forma- 
tion of condensation products with aromatic hydrocarbons, 
and (5) oxidation. Some of the polymers remain in the 
sludge, dissolved in sulphuric acid, while others remain in 
the treated oil. As the amount of polymerization increases 
with high treating temperatures and high acid strengths, 
low-temperature treatment has been suggested to reduce 
polymerization losses [8, 1928; 16; 43, 1927; 44, 1927]. 
Some of the unsaturated hydrocarbons combine with the 
sulphuric acid to form esters which are partially dissolved 
in the acid sludge. Subsequent treatment of the sludge with 
water will result in the formation of alcohols from these 
esters. If the original treatment of the oil is made with acid 
of less than 100% strength, in other words, if water is 
present originally, the esters may be partially decomposed 
into secondary and tertiary alcohols immediately [7, 1926]. 
Some unsaturated hydrocarbons such as olefines also 
combine with aromatic hydrocarbons to form condensation 
products which probably remain dissolved in the acid sludge 
to a considerable degree. Sulphuric acid also has a strong 
oxidizing effect on many unsaturated hydrocarbons, pro- 
ducing alcohols, aldehydes, and ketones with attendant 
formation of sulphur dioxide which largely remains dis- 
solved in the acid sludge. The amount of oxidation is 
influenced by the presence of any substances which may 
act catalytically such as metals, alkali salts of naphthenic 
acids, sulphur compounds, and tarry and asphaltic oxida- 
tion products, and is usually accompanied by polymeriza- 
tion and condensation [9, 1930; 53, 1930; 54, 1931]. 

{e) Oxygen Compounds, Oxygen-containing compounds 
such as naphthene acids, phenols, &c., are usually dis- 
solved in the acid sludge, with or without an attendant 
reaction [55], 

(/) Nitrogen Compounds, Nitrogen compounds such as 
pyridine, quinolines, and their hydro derivatives usually 
combine with the sulphuric acid to form salts that arc 
removed in the acid sludge [55, 1931]. 

(g) Sulphur Compounds, Another primary object of acid 
treatment is the removal of sulphur compounds which 
would otherwise form corrosive compounds in the final 
product. In addition to traces of free sulphur, petroleum 
has been found to contain varying quantities of hydrogen 
sulphide, mercaptans, sulphides, thiophenes, thionaph- 
thenes, sulphoxides, sulphones, and sulphonic acids. These 
sulphur compounds are mostly physically dissolved in the 
acid sludge, but oxidation and sulphonation may also occur 
[3, 1928; 4, 1929]. 

{h) Asphaltic and Resinous Compounds, While the com- 
plete removal of these substances is one of the major pur- 
poses of acid treatment, very little is known about the exact 
chemical reactions that take place between asphaltic and 
resinous compounds and sulphuric acid. In general, oxida- 
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tion, sulphonation, and polymerization probably occur 
with solution of the product in the acid sludge. 

Since acid sludge can have a very complex and variable 
chemical composition, it follows that its physical properties 
also vary widely. Three different types can be broadly 
distinguished: 

(1) Liquid sludge from gasoline and kerosine refining. 
This type usually keeps liquid at all times and contains 
40-60% free sulphuric acid (as determined by titration). 

(2) Light lubricating-oil sludge. This is a black, pitchy, 
viscous fluid which oxidizes and solidifies, containing, 
e.g., 44% sulphuric acid, 8% sulphonic acid, and 
18% pitch, 

(3) Heavy lubricating-oil and paraffin sludge. This is an 
extremely heavy, pitchy mass which solidifies rapidly 
when cool and must be handled hot, and contains 
about 25-30% sulphuric acid. 

Problems of Sulphuric Acid Recovery. Prior to the in- 
creased use of petroleum products, following the World 
War, and the attendant growth in quantities of acid sludge 
produced, the problem of sulphuric acid recovery received 
slight attention except at the largest refineries. The smaller 
refineries, producing relatively little acid sludge, merely 
attempted to dispose of the sludge where it would do the 
least harm. Frequently raw acid sludge was allowed to 
form large ponds on waste land adjacent to the refinery, 
where it resulted in gradual contamination of the ground 
by the acid and damage to nearby vegetation. At refineries 
on the sea coast acid sludge was frequently discharged into 
the ocean, directly or by barges which dumped their con- 
tents a few miles off* the coast. Some refineries followed 
the practice of burning their acid sludge, occasionally in 
open fields, but usually under boilers. With sludges of high 
acid content this practice required admixture with other 
fuels. Aside from the fact that burning of the sludge repre- 
sents an entire loss of the valuable acid content and a 
relatively inefficient use of the fuel content, the resultant 
combustion gases contain large quantities of sulphur di- 
oxide and some sulphur trioxide, which cause objectionable 
atmospheric pollution. Also there is a risk of serious cor- 
rosion of boilers and stacks unless the gases are always kept 
sufficiently hot to prevent any condensation of moisture. 
At some places the acid in the sludge is neutralized by 
mixing with alkalies or alkaline sludges before the sludge 
is burned ; this procedure eliminates the objectionable acid 
content from the combustion gases, but involves additional 
expense while saving nothing except the fuel value of the 
sludge. Accordingly, combustion of sludge has been 
generally abandoned at modern refineries in favour of some 
system of recovering the acid content [36, 1933]. 

Early Methods of Acid Recovery. Until comparatively 
recently all commercial methods for the recovery of sul- 
phuric acid from refinery acid sludge have been based on 
a separation of the sludge into weak acid, called separated 
sludge acid, and hydrocarbons known as acid oils and acid 
tars. The separation is accomplished by diluting the acid 
sludge with water, followed usually by heating with steam, 
after which the acid and hydrocarbons separate in layers. 
Sludges formerly available were readily separated by this 
procedure, which was ordinarily conducted in open lead- 
lined steel tanks, preferably provided with conical or 
inclined bottoms and outlets at various elevations. 

The separated sludge acid was ordinarily produced at a 
strength of 35-45% H8S04, with a brown-black colour due 
to the presence of hydrocarbons. This acid was then con- 
centrated in open lead pans heated with steam coils and 


glass or cast-iron externally fired retorts to a strength of 
nearly 66® Be. (90-3% H2SO4), which was suitable for 
reuse in treating. This method of concentration involved 
high maintenance expense for equipment and was attended 
with heavy acid losses from decomposition of the sulphuric 
acid into sulphur dioxide through oxidation of the organic 
matter at the necessary high temperatures employed when 
producing strong acid. The increased use of sulphuric acid 
in refineries following the World War, combined with a 
change in the character of the acid sludge which resulted 
in the production of separated acids containing higher 
quantities of hydrocarbons, led to the abandonment of this 
old method of acid concentration in favour of methods not 
involving such heavy losses and expense. 

2. Recovery of Weak Sulphuric Acid by Separation of 
Sludge ; Open Tank Separation ; Pressure Separation ; 

Pressure Digestion of Partially Separated Acid 

Recovery of Weak Sulphuric Acid by Separation of 
Sludge. As stated in the previous section, separation of 
sludge into weak sulphuric acid and hydrocarbons is the 
first step in the conventional method of acid recovery. 
Ordinarily this separation is a fairly easy process, especially 
in the case of sludges from paraffin-base oils. However, 
sludges derived from asphaltic- or naphthenic-base oils are 
more difficult to separate due to their content of sulphonic 
and naphthenic acids, which will not separate out at 
ordinary boiling temperatures and must be heated under 
pressure. Some sludges, for example those produced in the 
treatment of medicinal oils with fuming sulphuric acid, can 
scarcely be separated by any commercially feasible method 
and their acid content can only be recovered by other more 
recently developed processes. While other processes of 
separation involving, for example, diffusion through porous 
membranes, or addition of chemicals as coagulants or as 
solvents, have been suggested and are disclosed in many 
patents [37, 1933], only those processes which involve dilu- 
tion with water, with or without additional heating, have 
become of commercial importance due to cither the expense 
or inefficiency of the other processes. These commercial 
processes can be conveniently classified as open tank 
separation and as pressure separation. 

Open Tank Separation. In the case of the readily separ- 
able sludges the operation is usually conducted in open 
lead-lined tanks. The operation is conducted intermittently 
as a batch process. A charge of sludge is run into the 
tanks, diluted with water, and agitated with air, steam, or 
mechanically. Where the heat of dilution is not sufficient, 
additional heat is supplied from either open or closed steam 
coils. Experiments are necessary to determine the proper 
dilution and temperatures for each type of acid sludge. 
While it is desirable to produce as strong a separated acid 
as possible in order to minimize the subsequent expense 
of evaporating water in the concentrators, too strong a 
separated acid carries with it larger quantities of hydro- 
carbons which increase decomposition losses in the subse- 
quent concentration. Ordinarily, open tank separation is 
conducted to give an acid containing 35-45 ®/o H2SO4. 

In open tank separation three layers of material are 
generally produced. The top layer contains polymerized 
and partially sulphonated oil, known as acid oil, the middle 
layer or acid tar is of a viscous or cokey character and 
contains some sulphonated products, while the separated 
sludge acid constitutes the bottom layer. Some types of 
sludge give only two layers, the upper consisting of the oily 
substances and the lower of diluted acid. 
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The fumes from open tank separation are in many cases 
very obnoxious. Some sulphur dioxide is always liberated, 
but frequently the gases also contain combustible hydro- 
carbons. At some refineries covered tanks are used pro- 
vided with an outlet connected to a fume furnace in which 
the odoriferous gases are burned. As the gases do not 
ordinarily contain enough hydrocarbons to support com- 
bustion themselves, some form of cheap fuel must also be 
used if this procedure is followed. 

The acid oil and acid tar recovered in the separation are 
usually burned as refinery fuel, with or without washing 
to remove residual acid. These materials are relatively rich 
in sulphur compounds and have a strong odour, hence 
little attempt is made to sell them for outside use. 

Pressure Separation. Acid sludges which cannot be satis- 
factorily separated at ordinary boiling temperatures can 
frequently be handled in a pressure separator. This is 
essentially a high-pressure autoclave, usually of horizontal 
cylindrical form with hemispherical ends, heavily lined with 
lead and acid-resistant masonry. The sludge is introduced 
into the autoclave, then diluted with water and heat applied 
internally by live steam to give a temperature of 325- 
350° F. The operation may be run intermittently in 
batches, though it is usually considered preferable to with- 
draw the acid oil nearly as fast as it separates out in order 
to prevent coking during prolonged heating. Considerable 
skill is required in designing and erecting this type of 
separator, and its commercial exploitation has been largely 
confined to the equipment jointly controlled by the Stan- 
dard Oil Company of California and the Chemical Con- 
struction Corporation under a group of patents [13, 1924; 
18, 1926; 19, 1930; 33, 1926; 34, 1926]. 

The weak acid produced in a pressure separator is usually 
slightly stronger than that produced in open tank separa- 
tion, having a strength of 40-50% H2SO4. The reduced 
cost of concentrating this stronger acid partially offsets the 
higher costs of pressure separation. 

As the pressure separator is a closed vessel, it is com- 
paratively easy to vent it through a relief valve to a fume 
furnace so that obnoxious odours are avoided. From the 
nuisance elimination standpoint the pressure separator 
has, therefore, decided advantages over the open tank 
separator. The maintenance expense is unfortunately 
heavier, but this is compensated for by the ability of this 
equipment to handle otherwise unseparable sludges. 

Pressure Digestion of Partially Separated Acid. It has 
been found that certain acid sludges, which are more 
readily separated in open tanks than in a pressure separa- 
tion, give a separated acid which contains somewhat more 
hydrocarbons than is desirable for satisfactory further con- 
centration of the acid. The Chemical Construction Cor- 
poration offer a modified form of their pressure separator 
in which this partially separated acid is further heated under 
several atmospheres pressure, with resultant separation of 
the residual hydrocarbon content and production of a 
cleaner and more concentrated separated acid. The gases 
from the pressure digestor are customarily passed through 
a fume furnace before their release to the atmosphere. 

3. Concentration of Weak Separated Acid ; Disadvan- 
tages of Early Methods ; Concentration under Vacuum ; 
Concentration with Hot Flue Gases; Fortification of 
Concentrated Acid ; Disadvantages of Present Methods 

Concentration of Weak Separated Acid. Since the greater 
part of the sulphuric acid used in treating petroleum pro- 


ducts is at a strength of 66® B6. (theoretically 93 % HaS04) 
or higher, the weak acid produced in any separation pro- 
cess cannot be considered as a completely recovered pro- 
duct. Formerly it was possible to use some of this weak 
separated sludge acid for the manufacture of superphos- 
phate fertilizer, but the objections of governmental fertilizer 
control departments, as well as of the users, to the presence 
of evil-smelling hydrocarbon derivatives in superphosphate 
has practically stopped this procedure. Furthermore, weak 
sulphuric acid can be neither readily nor economically trans- 
ported any considerable distance, so concentration to a re- 
usable strength at the point of production is almost a necessity. 

Before considering available methods of acid concentra- 
tion, the meaning of the term ‘66° Be.’, as applied to 
sulphuric acid, requires clarification. Specific gravity can 
be used as an accurate measure of the strength of sulphuric 
acid only up to a strength of 93- 19% H2SO4. Above this 
point the specific gravity at first decreases slightly and then 
rises with increasing strength, so that a chemical analysis, 
usually by titration with alkali, is necessary to determine 
the true strength of the acid. Pure sulphuric acid con- 
taining 9319% H2SO4 has a specific gravity of 1-8354, 
corresponding to 66° Be. on the standard American heavy 
Baume scale. Concentrated sludge acid, however, contains 
coke, from the decomposition of the hydrocarbons, as well 
as hydrocarbon compounds, which give it a specific gravity 
higher than that for pure sulphuric acid of the same H2SO4 
content. Consequently 66° Be. sludge acid often contains 
as little as 88% H2SO4, at times even less, and rarely more 
than 92% H2SO4, depending on its carbon content. How- 
ever, the impurities which reduce the acidity while main- 
taining the high specific gravity of concentrated sludge acid 
have apparently little detrimental effect on the treating 
power of the acid unless present in excessive quantities. 
Apparently the treating power is dependent on the analysis 
of the liquid portion of the sludge acid, considering the 
coke as an inert solid. Thus, for example, a concentrated 
sludge acid testing 66° Be., but analysing 90% H2SO4, 3% 
carbon, and 7% water, will be practically as effective as 
one analysing 92% H2SO4, 0-84% carbon, and 7-16% 
water, since they both contain the same ratio of H2SO4 
to water. This fact only has made it possible to employ 
concentration processes for the production of a satisfactory 
recovered acid from the impure separated acids produced 
in recent years. 

It should also be noted that while pure sulphuric acid 
can be concentrated by evaporation to a strength of 98% 
H2SO4, this requires such hi^ temperatures that acid losses 
by volatilization become excessive, and this procedure is 
rarely used commercially. It is entirely impracticable for 
sludge acid, as the losses from decomposition at these 
temperatures would be enormous. Consequently a strength 
corresponding to 66° Be. is the maximum to which sludge 
acid is concentrated commercially, and when stronger 
acids, e.g. 98% H2SO4 or fuming 20% oleum, are required 
for treating, they can only be made from acid sludge by 
fortification of the concentrated (66° B6.) acid or by the 
thermal decomposition method, which does not include 
separation and concentration. 

Disadvantages of Early Methods. The demand during 
the World War for strong sulphuric acid for use in the 
manufacture of explosives led to the development of several 
types of concentrators highly satisfactory for the evapora- 
tion of clean sulphuric acid, i.e. acid not containing hydro- 
carbons, to a strength of 93%. In addition to numerous 
improvements to the old pan, retort and cascade con- 
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centrators using indirect heat, tower systems of concentra- 
tion were developed by Gaillard, Gilchrist, and Kalbperry 
in which the acid was brought in direct contact with hot 
combustion gases. The growing demands of the oil in- 
dustry following the War led to attempts to apply these 
systems to the concentration of separated sludge acid but 
with entirely unsatisfactory results [49, 1929]. Two prin- 
cipal difficulties were encountered. 

The first lay in the tendency of the sludge acid to foam 
at a certain stage of concentration, owing to the decom- 
position of the acid by the hydrocarbons present even in 
the relatively clean separated acids then common. This 
difficulty was first successfully overcome in 1920 by the use 
of the two-stage submerged-pipe concentrator, described 
hereafter in more detail under concentration with hot flue 
gases. The foaming was found to occur when weak feed 
acid was introduced into hot partially concentrated acid of 
a certain strength, depending upon the exact character of 
the sludge acid but usually in the neighbourhood of 55 ’ Be. 
This strength was found to be that at which coke begins 
to form as the acid is concentrated. The two-stage process 
surmounted this difficulty by conducting the concentration 
in two steps in two separate continuously operated eva- 
porators. In the first unit the weak acid is concentrated 
to a strength just under the coking point, and this inter- 
mediate strength acid is then concentrated in the second 
unit to its final strength of 66'^ Be. The continuous two-stage 
process was employed in the many installations made by 
the Chemical Construction Corporation under basic patents 
granted to Hechenbleikner and Oliver [27-31, 1922; 32, 1923]. 

The second difficulty arose from the excessive decom- 
position of the sulphuric acid by oxidation of the hydro- 
carbons and coke at the high temperatures (529"" F.) 
necessary to produce 66'’ Be. acid by direct evaporation. 
The obvious solution of this is to attempt to reduce the 
necessary temperature by conducting the evaporation under 
reduced pressure. In the Chemico (Hechenbleikner-Oliver) 
continuous two-stage process this is accomplished by blow- 
ing the hot combustion gases through the acid bath so as 
to reduce the vapour-pressure and give the effect of a 
partial vacuum [20, 1918; 42, 1916]. Other widely used 
commercial concentrators employ a high vacuum in the 
evaporator, with indirect heating. 

Concentration under Vacuum. While several forms of 
sulphuric acid concentrators operating under high vacuum 
are available, the Simonson-Mantius Vacuum Concentra- 
tor [38, 1933; 39, 1928; 47, 1921] has found the widest 
acceptance in the oil industry. 

In the original form of this equipment a water jet or 
evactor was used capable of giving a vacuum of 28 in. 
mercury. The concentration of sulphuric acid to 6rBe. 
only requires this degree of vacuum as the boiling-point 
then does not exceed 260° F. and a steam pressure of 45 lb. 
will give a minimum temperature difference of 30° F. With 
a steam pressure of 100 lb., the acid can be concentrated 
to about 63° B6., but in order to reach 66° B^. under 28 in. 
vacuum, it is necessary to use hot oil at 500° F. as a heating 
medium. As a still higher vacuum would produce a corre- 
sponding decrease in the boiling-point of the acid and per- 
mit the use of steam instead of hot oil for producing 66° B6. 
acid, recent forms of the Simonson-Mantius concentrator 
are supplied with multi-jet steam evactors capable of pro- 
ducing a vacuum of 29-8 in. With this vacuum, 66° Be. 
acid can be produced with 100 lb. pressure steam and 
65° B6. acid with 45 lb. pressure steam. 

The shell or housing of the Simonson-Mantius concen- 
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trator is built of cast iron or steel in suitable sections, and 
heavily lined with chemical sheet lead and acid-proof 
masonry. In concentrators producing up to "61° Be. acid, 
the heating element consists of coils of lead pipe. For 
concentration to 66° Be. special high silicon iron tubes 
are used for the heating surface. All concentrators are 
equipped with entrainment separators, in addition to the 
condensers specially designed to handle hot acid and water 
vapours. Where oil is used as the heat transfer medium, 
it is heated in a separate oil furnace especially adapted for 
use with this type of concentrator. 

Over 60 Simonson-Mantius concentrators of various 
types have been installed at oil refineries throughout the 
world. Either batch or continuous concentration is em- 
ployed, depending on conditions and type of acid. This 
type of concentrator has the advantage of eliminating all 
fume nuisance, since any waste gases are carried away in 
the condensed vapours discharged from the evactor. It has 
the disadvantage, inherent in all concentrating equipment, 
that the strength of the product acid is limited by the im- 
purities present which will decompose the acid into sulphur 
dioxide gas if the heating is carried too high. Any sulphur 
dioxide so formed is, of course, a total loss as it is carried 
away in the discharged condensate. Owing to its fume 
elimination feature the Simonson-Mantius concentrator 
has proved especially useful in congested industrial districts. 

Another form of vacuum concentrator, employing a 
series of steam-jacketed high silicon iron tubes, is offered 
under the name of Flash-film Concentrator by the Chemical 
Construction Corporation of New York [25, 1934]. This 
unit also uses a water-jet evactor for the production of the 
high vacuum and has the advantage that its capacity can 
be increased by adding additional tubes after the original 
installation has been made. 

Concentration with Hot Flue Gases. The leading com- 
mercial process employing hot flue gases is the Chemico 
two-stage submerged-pipe system previously mentioned in 
connexion with the Hechenbleikner-Oliver patents. As 
originally installed, this system consisted of two indepen- 
dent units, supplied with hot gases from a common oil or 
gas-fired furnace, operated under forced draft. Each unit 
consists of a covered acid-proof masonry pan communicat- 
ing with an acid-proof masonry preheating tower. The 
combustion gases, with an excess of oxygen, are forced at 
a temperature of about 1,100° F. under the surface of the 
acid contained in the pan, rise through the acid, and pass 
into the tower where they preheat the descending supply 
of feed acid. In the first, or low-stage, unit the acid is 
concentrated from about 30° or 35° Be. to between 50° and 
55° Be. and much of the hydrocarbon content is removed 
by either volatilization or oxidation. This 50-55° B6. acid, 
after passage through an intermediate storage tank, when 
carbonaceous compounds may be either skimmed off or 
settled out, is fed to the second, or high-stage, unit where 
it is concentrated to 66° Be. strength. The waste gases from 
both units are combined and passed through a Cottrell 
electrical precipitator, where any sulphuric acid mist is con- 
densed as weak acid and returned to the concentrators. 

In 1928 a modification of this concentrator was intro- 
duced under the name of the Chemico Drum-Type Con- 
centrator, which is described in patents issued to Mast 
[41, 1931, 1934] and Hechenbleikner [26, 1935]. This newer 
arrangement involves a ‘series’ flow of gases as compared 
with a ‘parallel’ flow in the older type. In the Drum-Type 
Concentrator the exit gases from the second, or high, stage 
are passed into the first, or low, stage concentrating bath, 
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though some of the hot furnace gases may also be intro- 
duced directly into the low stage when handling certain 
grades of acid. The expensive high preheating towers are 
omitted entirely. The concentrator consists essentially of 
a long, horizontal steel drum divided into three compart- 
ments. The front compartment is lined with insulating and 
fire brick, and equipped with an oil or gas burner operated 
under forced draft from a centrifugal air-blower. The other 
two compartments are lined with heavy sheet lead and 
acid-proof masonr>'. Hot gases from the combustion fur- 
nace at a temperature of around 1,100° F. are released 
under the surface of the acid in the middle or high-stage 
compartment. When 66° Be. acid is being produced in the 
high stage, the gases leave this chamber at about 450° F., 
carrying with them a small quantity of acid mist, and are 
released beneath the surface of the acid in the rear or low- 
stage compartment. They emerge from this compartment 
at a temperature of 200-300° F., depending on the strength 
of the weak acid fed the low-stage compartment. These 
gases are then cleaned before being released to the atmo- 
sphere by passage through a Cottrell electrical precipitator 
or some equivalent absorption or scrubbing tower. The 
weak acid is fed continuously to the rear compartment by 
an air lift or pump. When handling sludge acid in this 
equipment it is preferable to pass the acid from the rear 
compartment into an intermediate storage tank through 
a skimmer where impurities can be removed, after which 
the acid is pumped by an air lift into the middle compart- 
ment, though, when sufficiently clean acid is being handled, 
direct gravity flow from the rear to the middle compart- 
ment through a luted passage is feasible. The strong 
finished acid is drawn off from the middle compartment 
through a cooler to storage. The violent agitation of the 
acid caused by the passage of the hot gases prevents settling 
out of residues inside the drums. The use of waste gases 
from the high stage as a source of heat for the low stage 
gives greater heat economy than was possible in the earlier 
tower system, where the gases from the high-stage unit 
were released through the precipitator. 

Approximately 75 Chemico submerged-pipe concentra- 
tors of the two types previously described have been in- 
stalled throughout the world for the concentration of 
separated sludge acid, in addition to numerous units 
operating on other grades of sulphuric acid. The Drum- 
type sludge acid concentrator installations vary in size from 
small units producing 5 tons of 66° Be. acid daily to a 
battery of 5 large units producing a total of 175 tons of 
66° Be. acid daily. 

When concentrating to a strength of 66° Be. with hot 
gases, the exit gases from the concentrating unit proper 
contain too much sulphuric acid mist for direct release to 
the atmosphere. The early installations were provided with 
gas scrubbing towers, but since 1921 Cottrell electrical pre- 
cipitators have been the standard equipment for the re- 
moval of this acid mist. These precipitators are of the pipe 
or tubular type, and employ rectified alternating current at 
a potential of ^,000 to 80,000 volts [40]. Formerly, lead 
was used exclusively for the construction of the precipitator 
pipes. Precipitators with high silicon iron pipes were intro- 
duced in 1928 to avoid risk of deformation of the pipes at 
elevated temperatures. Owing to the difficulty of producing 
perfectly straight and uniform pipes, this use of silicon 
iron has been largely abandoned, and moulded carbon 
tubes arc used in modem precipitators operating at tem- 
peratures where lead is not considered desirable. 

Fortification of Concentrated Acid. As previously ex- 


PETROLEUM 

plained, 66° B6. is the upper limit of strength for econo- 
mical concentration, and with separated sludge acid this 
gravity usually means several per cent, under 93 % HaSOi. 
Modem sludge acids frequently contain so much carbon 
that they cannot be concentrated above 65° Be. or above 
85% H2SO4. Many treating processes require the use of 
98% HaS04 or 104i% H2SO4 (fuming acid or oleum 
with 20% SO3). These higher-strength acids can only be 
produced directly by the contact or catalytic process of 
sulphuric acid manufacture, in which dry sulphur dioxide 
gas is oxidized in the presence of a catalyst to sulphur 
trioxide, which is absorbed in strong sulphuric acid. Con- 
centrated sludge acid can be fortified or strengthened by 
mixing with the stronger acids produced by the contact 
process. Obviously the possible strength of the resultant 
mixture will depend on the quantities and strengths of the 
two acids mixed, and it would not be feasible for the 
refinery to add more fresh contact acid than the amount 
needed to replace the acid lost in treating, separating, and 
concentrating. On the average these losses total approxi- 
mately one-third of the acid used in treating. 

Gilchrist [17, 1930] has presented tables showing the 
strength of the concentrated acid necessary to produce 
various strengths of resultant acid when fortifying with new 
acid of various strengths, assuming that the new acid added 
must not equal more than one-third of the resultant total. 
These tables show that in order to produce a resultant acid 
containing 93°/o H2SO4, the concentrated sludge acid must 
contain 90-7% H0SO4 when fortifying with 98% acid, and 
88*2% H2SO4 when fortifying with 104J% acid. To pro- 
duce, under the same assumption, a resultant acid con- 
taining 98% H2SO4, the concentrated acid must contain 
95-1% H2SO4 when fortifying with 104J°(j acid, and 93*3% 
H2SO4 when fortifying with 109 acid. Since neither 
951% nor 93-3% H2SO4 can be made economically from 
separated sludge acid, it is commercially impractical to 
produce a 98% acid by fortification with purchased contact 
acid. Gilchrist shows, however, that high-strength acid can 
be made by fortifying concentrated sludge acid directly 
with sulphur trioxide. 

Fortification with sulphur trioxide is possible at refineries 
possessing their own contact acid manufacturing plants, by 
using the concentrated sludge acid as the absorbent for the 
sulphur trioxide. By this method a resultant acid contain- 
ing 93% H2SO4 can be produced from a concentrated acid 
of 83 0% strength and one containing 98% H2SO4 from 
a concentrated acid of 89- 1 % strength without adding more 
new acid (as sulphur trioxide) than the equivalent of one- 
third of the resultant total. This procedure has the addi- 
tional advantage of reducing the cost of acid recovery as 
the cost of concentrating the sludge acid to these lower 
strengths, and the losses attending such concentration, are 
far less than when producing 66° Be. acid. 

As a result of the recent great simplifications in the con- 
tact process for manufacturing sulphuric acid commencing 
with the commercial use of vanadium catalyst in 1927 [49, 
1929], numerous oil refineries have installed their own con- 
tact acid plants, thus becoming independent of outside 
sources of sulphuric acid supply. A description of contact 
acid manufacture can hardly considered as within the 
province of an article reviewing sludge acid recovery, so 
the reader interested in pursuing this topic further is re- 
ferred to the numerous standard works on this general 
subject and especially to the American Chemical Society 
Monograph on Sulphuric Acid by A. M. Fairlie, published 
in the Spring of 1936. 
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Disadvantages of Present Methods. While some of the 
disadvantages of recovering sulphuric acid by the com- 
monly accepted process of separating the sludge and con- 
centrating the resultant weak acid have been overcome by 
the processes and equipment described in the foregoing 
pages, and especially by the adoption of fortification at 
refinery contact acid plants, the changes in the character 
of acid sludges resulting from changed methods of treating 
are rendering these processes obsolete. Except in isolated 
locations where sulphuric acid is unusually expensive, it is 
usually not economical to operate a contact acid plant 
producing less than 25 tons of sulphuric acid, computed 
as 100% H3SO4 equivalent, per day. Assuming that treating- 
separating-concentrating cycle involves a 33 i% loss, this 
means that concentration by fortification with sulphur tri- 
oxide is economical only for refineries using at least 75 tons 
of acid daily. Refineries using less acid remain confronted 
with the increasing difficulty of producing a satisfactory 
strong recovered acid from increasingly contaminated 
sludges. When it is considered that some of the sludges 
now produced in the treatment of medicinal oils cannot be 
separated satisfactorily by any present method, the serious- 
ness of this problem becomes more apparent. Its solution 
is discussed in the next subdivision of this article. 

4. Recovery of Concentrated Sulphuric Acid from 
Sludge by Decomposition and Reforming 

It has long been known that acid sludge, on standing, 
decomposes slowly into sulphur dioxide gas and a carbona- 
ceous residue, and many inventors have proposed to acce- 
lerate this reaction by heat and use the sulphur dioxide for 
the production of sulphuric acid [2, 1923; 5, 1912; 6, 1911, 
1916; 15, 1925; 35, 1930; 45, 1912, 1913; 46, 1910; 48, 
1868; 51, 1889; 52, 1910]. These proposals varied con- 
siderably; some used external heat, others internal heat; 
some called for conducting the decomposition in stationary 
retorts, others in rotary furnaces; some operated as batch 
processes, others continuously. They were all distin- 
guished, however, by one common feature — the failure to 
be successfully employed in a commercial plant. 

The first successful commercial plant for the production 
of strong sulphuric acid by the decomposition of un- 
separated acid sludge was installed by the Chemical Con- 
struction Corporation in 1932 for the W. H. Daugherty 
& Sons Refining Company, at Petrolia, Pa. [50, 1933]. 
This plant employed a process developed by the late 
I. Hechenbleikner and his associates and previously tested 
on pilot plant scale. 

In this process the decomposition of the sludge is pro- 
duced by direct contact with a counter-current flow of hot 
combustion gases in a rotary kiln. These gases are pro- 
duced from oil or gas and admitted into the rotary kiln at 
approximately 2,200‘" F. and with only a low oxygen con- 
tent so as to prevent subsequent combustion of the hydro- 
carbon content of the sludge. The kiln is operated under 
a slight vacuum to eliminate loss of sulphur dioxide gas. 
Dry granular coke is discharged at the hot end of the kiln 
into a closed screw conveyor which removes it to a storage 
bin for subsequent use as a fuel. This residue is normally 
acid-free, high in volatiles and low in ash, and suitable for 
use as a pulverized fuel. Despite the high temperature of 
the combustion gases used, the material in the kiln is not 
overheated, and operations are conducted by controlling 
the rate of sludge feed, volume of air, and fuel used, so as 
to discharge the coke residue at a temperature of about 
500-550° F. and the gases at 250-300° F. 
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The sludge is pumped into the kiln at the gas-exit end. 
If several different grades of sludge are to be handled, it is 
preferable to mix them thoroughly to secure a uniform feed 
to the decomposer. The gases leaving the decomposer con- 
tain around 20% of sulphur dioxide by volume, together 
with small quantities of condensable and uncondensable 
hydrocarbons, whose nature depends upon the original 
composition of the sludge, and considerable water vapour. 
These gases are passed through a series of washers for the 
condensation and removal of oils and moisture, and thence 
through a secondary combustion furnace where the uncon- 
densable hydrocarbons are burned out. The gases next 
pass through a cooler and a Cottrell electrical precipitator 
(for removal of small traces of sulphuric acid mist formed 
in the secondary furnace) and enter a drying tower, where 
the last traces of moisture are removed by scrubbing with 
strong sulphuric acid. Air is admitted at this point to pro- 
duce the proper ratio of sulphur dioxide and oxygen, and 
these mixed gases are then converted into sulphuric acid 
in a standard form of Chemico contact acid plant em- 
ploying vanadium catalyst. The finished acid is produced 
at the same high strengths as are customary in contact acid 
plant operation, viz. 98% H2SO4 and 104^% H2SO4, and 
is of high purity, free of contamination by hydrocarbon 
con'« pounds. 

Since only the heat content of the combustion gases is 
utilized in the decomposition of the sludge and the nature 
of the gases is otherwise immaterial as long as they contain 
little free oxygen, it is possible by burning sulphur or waste 
hydrogen sulphide gas (recovered from still gases) as fuel 
instead of oil or gas to produce additional sulphur dioxide 
which will be converted into fresh, strong acid along with 
the sulphur dioxide produced from the sludge. Thus by 
making the contact acid-manufacturing section of the plant 
slightly larger than is necessary to handle only the sulphur 
dioxide producible from the acid sludge, it is possible to 
make in one plant, with one set of operators, at no addi- 
tional cost beyond that of the sulphur or hydrogen sulphide 
used, the acid required for replacing cyclic losses as well 
as to recover the acid content of the sludge. A recovery 
of about 90% of the acid content of the sludge may be 
expected normally with this process. Since this recovery 
of acid is considerably greater than is obtainable by the 
usual separation and concentration method, the amount of 
new acid to be produced from sulphur is considerably less 
than is required with the usual acid recovery process. As 
the costs of recovering acid by this method have been 
shown by operation of the Petrolia installation to be less 
than those of the separation and concentration process, 
these two factors together give a considerable reduction in 
the net average cost of acid used in treating where this new 
process is employed. 

The basic reaction of this Chemico-Hechenbleikner 
sludge conversion process is a reduction of the sulphate 
content of the sludge by the hydrogen atoms of the hydro- 
carbon. Apparently the carbon atoms of the hydrocarbons 
take no part in the reaction as there is normally no appre- 
ciable formation of carbon dioxide in the kiln and the 
original carbon content can be accounted for in the coke. 
The reaction, however, is controlled so as to stop with the 
formation of sulphur dioxide and avoid any production of 
elemental sulphur or hydrogen sulphide. More informa- 
tion as to details of the process and equipment may be 
obtained by a study of the group of patents held by the 
Chemical Construction Corporation [10-11, 1931; 21. 
1933; 22-4, 1934]. 
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An indication of the trend of recent development of the 
sludge decomposition is given by a French patent recently 
issued to the owners of the Hechenbleikner process [12, 
1933]. While the process described in this patent has not 
been installed as yet in commercial plants, the authors of 
this article are in a position to state that it has been 
exhaustively tested on a semi-commercial scale and proved 
satisfactory with all types of refinery acid sludges. The 
essential features of the process may best be described by 
quoting from the French patent mentioned: 

‘The main use for the SO 2 gases from the decomposi- 
tion of acid sludge is to reoxidize them to SO 3 in order 
to produce sulphuric acid for the oil refinery. When used 
in the contact process or even in the chamber process 
the presence of hydrocarbons in any considerable amount 
is very injurious. Unfortunately the gas obtained from 
the Hechenbleikner kiln, besides water and condensable 
hydrocarbons, contains a considerable proportion of 
uncondensable hydrocarbons and also some of the con- 
densable hydrocarbons tend to form an oil mist which 
cannot be completely removed in the ordinary con- 
densers. It became necessary to remove hydrocarbons 
in the Hechenbleikner process, and this was effected 
practically by burning them out. This method, while 
satisfactorily removing the hydrocarbons which would 
have otherwise been transformed into water in the con- 
tact plant with concomitant formation of the acid mist, 
diluted the gases very materially. In the sludges which 
are low in oil the amount of hydrocarbons was not 
sufficiently great, so that excessive dilution resulted from 
burning them out. On sludges of this type, therefore, the 
straight Hechenbleikner process operates with excellent 
commercial efficiency. When, however, high oil sludges 
are to be treated it became necessary to remove a part of 
the oil which was achieved by distilling off the more volatile 
hydrocarbons at low temperature, which left a sludge 
having the characteristics of low oil sludges and which 
could be satisfactorily handled in a straight Hechen- 
bleikner process. 

‘We have found that the difficulties involved in the 
decomposition are completely obviated when, instead of 
using combustion gases as a heating medium, solids are 
used. These solids may be particles of fairly large size, 
such as iron balls, pebbles, and the like, or they may be 
finely divided solids, such as sand or coke. The solids 
are heated to a high temperature and are then contacted 
with an acid sludge in a closed vessel such as a kiln. 
Decomposition takes place extremely rapidly permitting 
great capacity from small apparatus and producing a very 
strong gas which may contain as high as 75 % to 90% SOg. 

‘The carbonaceous residue from the decomposition in 
the acid sludge is discharged with the spent heating 
bodies from the kiln, and is treated in one of two ways 
depending on the particle size of the heating medium 
used. Where the heating medium consists of large par- 
ticles, such as metal balls, pebbles, or the like, the carbo- 
naceous residue is preferably removed by a screen, and 
the balls or pebbles heated in a suitable heating kiln to 
bring them back to the initial temperature. Where the 
heating medium is in a finely divided state, such as hot 
sand or hot coke, a more efficient method may be used. 
No attempt is made to separate the carbonaceous residue 
from the heating medium, and on the contrary it is 
burned in contact with the heating medium, thereby 
serving as fuel and permitting the use of very simple 
apparatus, because, due to the fact that carbonaceous 


residue is in intimate contact with the heating medium, 
a very effective heat transfer is possible. 

‘Where the heating medium is hot coke instead of hot 
sand it may obviously be a portion of the carbonaceous 
residue produced. This has some advantages where a 
large amount of carbonaceous residue is obtained con- 
siderably in excess of that required to furnish sufficient 
fuel for the heating step. Since with hot coke the material 
discharged from the kiln is homogeneous, a portion of 
it may be removed and sold as fuel, part of the remainder 
being burned to heat the unburned carbon to the requi- 
site temperature. The gas which is evolved, when cooled 
to condense out water and condensable hydrocarbons, 
has so low a hydrocarbon content as compared to SO 2 
that the hydrocarbons can be burned out without any 
dilution problem, and in some cases it is not necessary 
to remove them at all, as where the hydrogen content is 
sufficiently low, so that after mixing enough air to bring 
the SO 2 to the proper concentration for use in the con- 
tact process, the hydrogen content is not more than 
3 milligrams per cubic foot. While this complete elimina- 
tion of hydrocarbon removal is only possible with certain 
sludges, in every case the removal of hydrocarbons is 
simplified and the bad results from excessive dilution are 
not experienced.’ 

Considering the results obtained with the commercial 
sludge decomposition plant at Pctrolia, and especially the 
fact that during the last year it has regularly operated above 
its rated capacity whenever adequate quantities of acid 
sludge have been available, it may at first glance appear 
surprising that this acid-recovery system has not been more 
widely adopted. It must be borne in mind, however, that 
the quantity of sulphuric acid used in the oil industry has 
decreased in recent years, both from the general industrial 
depression and from the adoption of other methods of 
treating certain classes of oils. The effect has been to make 
it possible for many existing acid-recovery plants of the 
older type to meet the present requirements of their owners, 
even thougli the plants are in. such a condition that they 
could not now be operated at their original designed 
capacity. Furthermore, the leading refineries, who would 
normally be the leaders in adopting a new process, are 
largely equipped with the latest types of separating and con- 
centrating plants whose complete abandonment cannot as 
yet be economically justified. Since adoption of the sludge 
decomposition process necessarily involves installation of 
a contact acid manufacturing plant, the figure of 25 tons 
H 2 SO 4 per day as the minimum economic capacity is again 
applicable and the majority of refineries requiring that 
quantity of acid is included in the group possessing un- 
amortized recovery plants of the older type. In considering 
the question of minimum economic capacity, it should be 
noted, however, that with the sludge decomposition pro- 
cess, the figure of 25 tons H 2 SO 4 per day refers to the total 
acid required by the refinery, while it referred only to the 
make-up or fortifying acid requirement when considering 
the installation of a contact acid plant in connexion with 
a separation-concentration system. It is the considered 
opinion of the authors of this article that the sludge de- 
composition method involving the production of strong 
fresh acid from unseparated sludge offers the most econo- 
mical solution of the refinery acid problem and will be 
adopted in future new construction. This conclusion has 
been reached in spite of the fact that the company with 
which they arc connected also offers equipment and pro- 
cesses employing the conventional older methods. 
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PETROLEUM COKE 

By W. F. STROUD, Jr., M.E., A.I.C.E. 

Assistant Plant Manager, Atlantic Refining Company 


Production, Characteristics, and Utilization 

Crude petroleums or their various fractions, when heated 
above certain temperatures, which vary with the nature of 
the material, are subject to thermal decomposition resulting 
in the formation of gases, liquid fractions of different 
volatility from the original charge, and solid residues. The 
latter are classified as petroleum coke and are obtained 
chiefly from two types of refinery equipment. 

In coking stills it has been the practice for many years 
to charge large cylindrical stills with heavy crude oils, 
topped crudes, or heavy fuel oils and supply heat at essen- 
tially atmospheric pressure until all but 4-8% of the 
volatile constituents are driven off as overhead products. 

The residue from this destructive distillation is found on 
the bottom of the still as a dry porous grey mass, which 
may vary in thickness from 6 to as much as 30 in., depending 
on the character of the charge. Mechanical devices have 
been developed to aid in the removal of coke from this type 
of still, such as chains which are dragged from the still with a 
winch, breaking up the coke in the process. This operation 
is still largely manual, however, and the stills cannot be 
run continuously. 

In the case of cracking stills, the operation of which is 
to-day the main source of petroleum coke, various petro- 
leum products are rapidly heated above their decomposi- 
tion temperatures and held at relatively high pressures for 
varying lengths of time. Most of the coke formation occurs 
in reaction chambers or soaking sections and, after the pro- 
cess has been started, is practically continuous. The yield 
of coke varies between wide limits, depending on the 
charging stock, process, and conditions of operation, and 
may run as high as 40 to 50 lb. per barrel. After periods, 
which may extend to 8 or 10 weeks, it is necessary to remove 
the accumulated coke from the system. The character of 
cracking-still coke is quite different from that formed in 
coking stills. It is usually black in colour, has a relatively 
high volatile content and is very friable, resulting in a high 
proportion of fines. 

The Knowles coke oven, a recent development for the 
disposal of heavy refinery residues not saleable as liquid 
fuels, produces gasoline, gas oil, low viscosity fuel oil, and 
a coke superior in quality to that obtained from coking 
stills. This equipment is in part similar to by-product coke 
ovens, and the essential features of the process consist of 
a tubular preheating furnace, charging pumps and line, 
horizontal ovens, a vapour collecting and condensing sys- 
tem, a ram for removing hot coke, a special receiving car 
and quenching system, and a screening tower for classifying 
the coke into several market grades. Practically any heavy 
oil or tar can be pumped through the preheater at suffi- 
ciently high velocity to avoid coking in the tubes. This hot 
oil, which has been brought to a temperature where crack- 
ing has started and coke will form rapidly on further heating, 
is discharged on to the floor of horizontal, refractory-lined 
ovens, six to a battery, where it is coked by heat supplied 
to the floor of the ovens by gas burners. Each oven is con- 
nected to a large vapour header which leads to a fractionat- 
ing column at the end of the battery. The entire vapour 


system is operated under a slight vacuum (approximately 
0*2 in. of water in the ovens). 

Preheated oil is sprayed on to the oven floor for about 
2J hr. and is maintained at about 850"" F. during this time. 
The oven charge is then dried out for 2 or 3 hr., while the 
temperature rises to about 1,050° F. in the oven. The oven 
doors are then opened and an electrically-driven ram pushes 
the entire mass of hot coke into a special car which is 
hauled immediately to a quenching station, where the coke 
is flooded with water. Crushing, screening, and loading into 
cars are then accomplished with conventional equipment. 
A complete cycle requires about 6i hr. The coke produced 
by this process is superior to that obtainable from the other 
two common sources in that it is drier, cleaner, more 
dense, and far less friable, being pre-eminently suitable 
for domestic heating. 

The mechanism of coke formation probably involves a 
succession of dehydrogenations and splitting-off of light 
hydrocarbons from heavy oil residues until a mass is left 
which is not all elemental carbon but a mixture of carbon 
and unsaturated hydrocarbons of very high molecular weight 
and high carbon to hydrogen ratio. During destructive dis- 
tillation, heavy oils pass through an asphalt and pitch stage 
in which free carbon and complex hydrocarbons are formed 
in colloidal suspension. Agglomeration of these colloidal 
particles to a fairly coarse suspension eventually results in 
settling out of a pitchy mass which by further decomposi- 
tion produces a porous mass of coke. 

In cracking stills the destructive distillation is not carried 
as far as in other coke-forming processes. The following 
proximate analyses of the three types of coke discussed 
above arc indicative of the degree to which decomposition 
takes place. 

Proximate Analyses 
(Air-dry basis) 



Cracking-still 

coke 

% 

Coking-still 

coke 

Knowles oven 
coke 

/o 

Moisture 

0-1-50 

00-0-5 

00-0-5 

Volatile matter 

3-5- 180 

40-7-0 

10-5-0 

Fixed carbon . 

790 -920 

92-0-960 

95-0-99 0 

Ash .... 

005-1 -5 

0-2-1-3 

0-2-1 -3 

Sulphur 

0-2-40 

1 -0-2-5 

0-7- 1-6 

B.Th.U. per lb. 

15,200-16.200 

14,800-15.500 

14,200-15,000 


The utilization of petroleum coke is quite varied. Its 
largest use is as refinery and general industrial fuel where 
its low ash content and high thermal value are particularly 
desirable. When removed from cracking stills approxi- 
mately 75% of petroleum coke is in the form of ‘breeze’ 
and is used as powdered fuel after further pulverizing. The 
high volatile content of this coke ensures easy ignition, and 
rapid and complete combustion. There is little tendency 
for slagging of refractories or plugging of flues because 
of the low ash content. The absence of ash militates against 
the use of lump sizes of coke on grates or stokers because 
the high temperature of the coke bed tends to burn out the 
grates. In hand-fired furnaces, such as domestic heating 
units, lump coke can be used very satisfactorily by covering 
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the grates with broken firebrick. Coking-still or Knowles- 
oven coke is most desirable for domestic use because of its 
cleanliness. A number of investigations have been carried 
out with a view to utilizing coke ‘breeze’ for domestic 
heating, as this will net the refiner a greater return than the 
sale of this material for industrial fuel. Some procedure 
for briquetting would seem to be the only feasible means of 
attaining satisfactory results. A binder is essential to give 
the resultant briquette sufficient firmness to stand handling. 
The most promising binders are some form of cracking-still 
tar or asphalt, which is used in quantities ranging from 
1 to 5%. Briquettes made in this way stand handling fairly 
well, but due to the increased volatile content in the binder 
give a smoky fuel. Calcining green briquettes at tempera- 
tures of 900-1,000° F. serves to coke the binder and is 
reported to yield a clean, smokeless, strong fuel. 

Petroleum coke has proved to be a particularly desirable 
source of carbon for the manufacture of electrodes because 
of its low content of impurities. In electrolytic processes, 
such as the reduction of alumina to aluminium, production 
of magnesium and sodium, the electrodes come in direct 
contact with the reduced metal, and any impurities in the 
electrode may appear in the finished product. Specifications 
for petroleum coke to be manufactured into carbon pro- 
ducts vary in the limitations as lo impurities and volatile 
matter permissible, but approximate the following limits: 


Volatile matter 

- 10 0% max. 

Ash ... . 

.10 

Sulphur 

.10 

Soluble salts , 

. 0-5 

Total silica and iron oxide 

. 0-2 


This practically restricts the source to coke of the coking- 
still type, which on receipt from the refinery is crushed to 
small size, oven dried to remove moisture, and then calcined 
at a high temperature (900-1,000° C.). The heat treatment 
drives off volatile matter, reduces subsequent shrinkage of 
the coke, and makes the material graphitic, thereby reducing 
its electrical resistance. After grinding to a fine powder the 
carbon is mixed with a binder, tamped into moulds under 
high pressure, and subsequently baked at a high enough 
temperature (900° C. or more) to remove all volatile matter 
from the binder. Electrodes up to 2 ft. in diameter have 
been made by this procedure. 

The aluminium industry is probably the largest consumer 
of carbon electrodes made from petroleum coke, and also 
uses a considerable tonnage for lining the electric furnaces. 
Approximately I lb. of petroleum coke is reported as being 
consumed for each pound of aluminium produced. 

In addition to the electrolytic uses of petroleum coke, 
a number of other industries employ this type of material 
for electro-thermal work, where a high degree of purity is 
required. Outstanding examples are to be found in the 
manufacture of silicon and boron carbide abrasives and 
calcium carbide. In the first-mentioned application a core 
of granulated carbon acts as a resistor in developing heat 
in the furnace, and a surrounding mixture of coke and sand 
react to form the abrasive. Under some conditions of 
operation artificial graphite is formed. Calcium carbide 
is formed by reducing powdered lime in an electric furnace 
with an excess of powdered coke. The liberated metallic 
calcium combines with the carbon to form the desired pro- 
duct. A very low sulphur and phosphorus content is 
necessary in order that acetylene made from the carbide 


will not contain hydrogen sulphide or phosphine in notice- 
able quantities. 

Other uses of petroleum coke include its application as 
a reducing agent in the preparation of lithopone and ‘blanc 
fixe’ which are used as pigments in paint manufacture, in 
various metal refining industries to reduce oxide formation, 
and as a rccarbonizing agent in some branches of the iron 
and steel industry. The ceramic industries employ coke to 
a limited extent as a powdered fuel in rotary cement kilns, 
in the burning of lime, and for burning brick where it is 
desired to impart definite colours to the product by reduc- 
tion of the metal oxides in the clay without leaving ash in 
the brick. Small amounts of petroleum coke are also used 
by a very diverse group of industries particularly where the 
source of supply is nearby. 

The production of petroleum coke in the United States 
was not very large until the introduction of cracking units 
on a commercial scale. Prior to 1917 or 1918 practically all 
the coke produced came from coking stills, and the produc- 
tion from this source has remained relatively constant in 
volume. The following tabulation of annual production 
for the 15 years from 1918 to 1932 illustrates the increasing 
importance of cracking stills as a source of coke. 


Thousands of Short Tons 
(As reported by the Bureau of Mines) 


1918 . 



. 560 

1926 



. 955 

1919 . 



. 603 

1927 



. 1.140 

1920 . 



. 577 

1928 



. 1,425 

1921 . 



. 604 

1929 



. 1,827 

1922 . 



. 707 

1930 



. 1,931 

1923 . 



. 673 

1931 



. 2,035 

1924 . 



. 761 

1932 


, 

. 1,788 

1925 . 


, 

. 991 






Petroleum coke cannot be produced profitably except as 
a by-product of processes yielding materials of much greater 
unit value. In cracking-still operations the formation of 
coke is purely incidental, usually undesirable, and the 
refiners desire to reduce it to a minimum. With coking 
stills the primary object is to convert heavy residual 
materials into products which can be readily handled and 
are saleable, while with Knowles ovens the production of 
good coke is essential to the success of the operation. At 
the present time the tonnage of coke produced is greatest 
in amount from cracking stills and least from Knowles 
ovens which are a recent development. 

The economics of coke production is closely associated 
with the broader aspects of petroleum refining, and since 
coke is a by-product it is greatly influenced by the relative 
value of the products which are made by alternative 
methods of processing the charging stock and the relative 
value of the other products which are produced simul- 
taneously. If the charging stock is saleable as such and has 
a definite commercial value, then the coking still must 
compete for the production on the basis of monetary 
return for the coke and distillate products from which the 
cost of the coking operation must be deducted. If the 
refinery has available coke-still charging stock which 
because of the presence of excessive colloidal carbon or 
other material is unfit for sale as such, the alternative value 
of the material as a coking stock may be reduced accord- 
ingly and permit the production of coke on a competitive 
basis. 
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By D. W. 

The solid porous residue resulting from distillation of an 
oil to dryness or from cracking of an oil with attendant 
deposition of carbon is termed petroleum coke. The com- 
position and other properties depend upon the origin of the 
stock as well as the duration and intensity of the coking or 
cracking treatment. Only an imperfect correlation of the 
amount of coke resulting from a stock of known properties 
has been made; no correlation between the properties of 
the oil and the product coke can be made. An enumeration 
of the characteristics of any coke must be unique, but it is 
believed that such a summary is valuable in approximating 
the description of other cokes, in the same manner that the 
behaviour of bituminous coals of different geographical 
origin are compared and prejudged by common and easily 
determined tests. 

Ultimate Analysis of Coke. 

It is not to be expected that the ultimate analysis of coke 
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should be significant, because, like volatile matter deter- 
minations in a proximate analysis, the residual hydrogen 
will reflect the severity of thermal conditions to which the 
coke has been subjected. Trusty [11, 1932] gives a com- 
parison of the two methods of analysis upon a single coke. 


Proximate 

Ultimate 

Moisture 

0-35% 

C . 

. 97-3% 

Volatile matter . 

7-7% 

H. 

1-2% 

Fixed carbon 

90-8% 

N. 

0-2% 

Ash .... 

1-15% 

S . 

1-0% 

B.Th.U. per lb. . 

15,490 

O. 

0-3% 


The fusing-point of ash from a single coke is said [5, 
1930] to be 2,000° F., although this must be a function of 
the ash in the original crude, influenced, of course, by 
foreign matter accidentally introduced as scale from steel 
or mineral matter from clay used as luting in coking 
operations. 


Proximate Analyses of Petroleum Cokes 
{a) Cracking Still Cokes 
Analyses as weight per cent. 


Crude oil source 

Moisture 

Volatile 

matter 

Fixed 

carbon 

Ash 

Sulphur 

Heating value 
{B.Th.U. 
per lb.) 

Authority 

Mid-Continent 


0-50 

8 07 

91-81 

0-05 

0-83 

15.645 

1 

f» ... 


0-30 

12-93 

85-63 

M4 

1-44 

15,300 

1 

„ ... 


107 

10-83 

87-65 

0-45 

0-87 

15,568 

7 

Texas 


015 

15-02 

83-21 

1-62 

1-96 

15,456 

7 

Panhandle, Texas 


3-31 

1400 

81-12 

1-59 

0-45 

15,573 

7 

Smackover, Texas 


on 

12-28 

87-15 

0-46 

4-18 

15,898 1 

7 

♦» t» • • • 


3*33 

17-02 

79-20 

0-45 

3-70 

15,454 ! 

7 

Kentucky .... 


0-39 

11-65 

87-42 

0-54 

0 66 

16,403 

7 

Pennsylvania 


0-20 

11-39 

87-42 

0-99 

0-22 

16,248 

7 

,, ... 


0-46 

10-07 

88-92 

0-05 

0-50 

15,573 

7 

California .... 


0-47 

18-03 

80-49 

0-91 

1-09 

15,295 

7 

•» • • • • 


1-48 

13-84 

82-29 

1-00 

1-39 

15,322 

7 


(6) Coking Still Cokes 
Analyses as weight per cent. 



Moisture 

Volatile 

matter 

Fixed 

carbon 

Ash 

Sulphur 

Heating value 
{B.Th.U. 
per lb.) 

Authority 


0-6 

2-1 

95-8 

1-5 

0-5 

14,480 

1 


0-3 

3-9 

94-1 

1-0 

0-7 

14,900 

1 


0-5 

13-0 

85-0 

0-5 

0-5 


7 


0-3 

8-0 

90-5 

1-0 

0-5 


7 


( 0-39 

10-31 

88-07 

1-23 

1-23 

15,330 

1 

Mid-Continent and East Texas Re- 

) 1-30 

9-84 

88-20 

0-66 

1-01 

15,100 

1 

duced Crudes plus Heavy Cracking 

0-64 

8-96 

89-39 

1-01 

0-94 

15,050 

1 

Still Tar 

V 1-80 

11-26 

86-10 

0-84 

0-76 

15,510 

1 


(c) Oven Coke (i.e. made in vessel constructed of refractory material) 
Analyses as weight per cent. 


Source of charge 

Moisture 

Volatile 

matter 

Fixed 

carbon 

Ash 

Sulphur 

Heating value 
{B.Th.U. 
per lb.) 

Authority 

Dubbs Cracking Still . 

1-1 

5-2 

92-85 

0-85 

1-15 

14,515 

1 

Cross Still Tar .... 

0-3 

7-3 

92-20 

0-2 

1-52 

14,650 

1 

»»•••• 

0-3 

7-4 

91-80 

0-5 

0-86 

14,700 

1 

Mid-Continent Vacuum Still Bottoms 

0-6 

2-76 

94-84 

1-8 

1-23 

14,400 

1 


0-0 

1-3 

96-99 

0-5 

10-1-5 

' 14,500 

3 
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Physical Properties. 

Petroleum coke may at times possess outward physical 
characteristics which render extremely difficult its identi- 
fication from the product resulting from coking of coal 
or coal tar. Its colour and lustre may range from intense 
black to the bright silvery appearance found in the best 
metallurgical coke. It may have the high metallic ring 
of high-temperature coke. Its streak is black; the hardness 
may be as high as 6 (Moh’s scale). Its fracture is irregular 
as in coke from coal. Its apparent density may be as low 
as 0-74 and its true density as high as 1-52. The high per- 
centage of cellular space accounts in part for the ignition 
and burning characteristics. 


Coke source 

Apparent 

density 

True 

density 

Cellular 
space, % 

Authority 

(1) Mid-Continent . 

1*131 

1*286 

12*1 

7 

(2) 

0*737 

1*376 

46*8 

7 

(3) California . 

0*851 

1*305 

34*8 

7 

(4) Pennsylvania 

0*866 

1*415 

38*8 

7 

(5) 

0*95 

1*52 

37-5 

2 


The shatter test (A.S.T.M. Standard Method 2,738 
(1930)) reveals that the coke may possess strength com- 
parable to by-product oven coke. The above cokes were 
tested. 


Sample 

2 in. 

li in. 

7 in. 

i In- 

Fines 

Loss 

(1) . . . 

73*2 

20*4 

2*0 

1*9 

2*5 


(2) . . . 

93*9 

0*0 

0*0 

2*3 

1*1 

6*3 

(3) . . . 

0*0 

11*0 

32*5 

27*5 

27*5 

1*5 

(4) . . . 

60*0 

3*5 

6*0 

10*0 

18*5 

2*0 

(5) . . . 

89-93 

2*5-3*5 





Southern B.P. 

92*5 

4*5 





Western B.P. 

82*5 

8*0 



■ * 



Schulz [10, 1930] found marked differences in com- 
bustion of either lump or pulverized coke derived from 
different types of refinery operation. He states that coke 
from non-residuum operation burns more rapidly and pro- 
duces higher localized furnace temperatures when burned 
under the same conditions. The marked difference in the 
proximate analyses, however, would possibly account for 
variation in burning characteristics. 



Coke from 
residuum 

Coke from 
non-residuum 


operation 

operation 

Moisture . 

0*38 

0*35 

Ash .... 

1*90 

0*67 

Volatile matter . 

11*65 

18*89 

Fixed carbon 

86*45 

80*44 

Sulphur . 

B.Th.U. per lb. . 

1*00 

15,400 

1*10 

15,450 


Carpenter [2, 1934] gives data upon coke intended for 
foundry use in competition with by-product oven coke. 



Petroleum 

coke 

Southern 
B.P. coke 

Western 
B.P. coke 

Ignition temp., ° C. . 

475-492 

630-680 

645-680 

Maximum temp., ° C. 

702-738 

800-860 

783-838 

Rise in temp., ° C. . 

220-248 

170-180 

138-158 

Time for burning, min. 

8-9 

8-9 

9 + 

Ash .... 

0*33-1*5 

10*2 

12*9 

B.Th.U. per lb. 

14,400 

12,580 

12,610 


The low ash-content of petroleum coke necessitates cau- 
tion in protecting grates from intense local heating, but the 


use of this fuel in pulverized form is feasible. It is probable 
that the large surface and reactive nature of the coke offset 
the disadvantages of low volatile matter. Mekler [6, 1930] 
describes a test with pulverized coke used in a commercial 
boiler. 

Proximate analysis of coke as fired : 


Moisture ....... 6-56% 

Volatile matter . . . . . .15*40% 

Fixed carbon 77*47 % 

Ash 0*47% 

B.Th.U. per lb 14,712 

Performance: 

Actual water evaporated, lb. per hr. . . . 41,070 

Equivalent evaporation, lb. per hr. . . . 44,648 

„ „ per lb. fuel . . . 12*19 

Flue-gas temp., 550° F. (288° C.): 

COa in flue gas ...... 15*03% 

O, „ 4*68% 

CO 0*0% 

Boiler efficiency without economizer . . 80*5 % 

Comparative efficiency with economizer . . 86*07 % 

K.W.H. to pulverize \ ton coke . . .21*1 


Nugey [8, 1934] says that petroleum coke responds well 
to activation treatment, but does not give conclusive data 
upon the characteristics of the activated coke. 

Graphitization of petroleum coke can be effected by 
metals; and Schleifstein [9, 1928] describes the relative 
catalytic effect of several elements. The coke was ground 
in a ball mill to pass 2(X)-mesh and was calcined at 1,100° C. 
(2,012° F.). The residue had a specific gravity 1*99-2*05 
and an ash-content of 0*3%. A product made by baking 
admixtures of coke and finely divided metals approached 
Ceylon graphite in resistivity. 



Resistance at 30’* C. 

Material 

(ohms per cu. in.) 

Ungraphitized petrol, coke (0*3 % ash) 

0*00174 

Graphitized petrol, coke 

0*000860 

Acheson graphite 

0*000350 

Ceylon graphite ..... 

0*000265 

Graphitized petrol, coke plus 4 % Ca 

0*000610 

„ M 5*5% Mn . 

0*000536 

„ „ „ 2*4% Mg . 

0*000471 

„ „ .. 2*7% A1 . 

0*000400 

,, »♦ 1"® • 

0*000370 

„ „ 5*8% Ni . 

0*000380 

„ » 5*0% Cr . 

0*000320 

.. M%B . 

0*000290 


The use of petroleum coke for manufacture of electrodes 
has led to the discovery of the effect of temperature upon 
the properties of the coke. Hansen [4, 1909] compared 
graphite, lamp-black, and petroleum coke as electrode 
material. Each material was used as a powder ground to 
pass 200-mesh and bonded with about 40% pitch by 
baking. Petroleum coke exhibited properties intermediate 
between those of graphite and lamp-black. The apparent 
and absolute densities approach 1 -6 and 2*2 respectively, 
with temperatures above 2,0(X)° C. The resistance varied 
with temperature of firing, as follows: 


Temp, of firing, 
° C. 

Resistance 
(ohms per cu. in.) 

500 

0*009 

750 

0*004 

1,500 

0*0015 

3,000 

0*001 
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SYNTHETIC DERIVATIVES FROM PETROLEUM 
CHLORINATED COMPOUNDS AND DERIVATIVES 
THE ADDITION OF HALOGENS TO OLEFINE BONDS 

By Professor H. B. HASS, Ph.D. 

Head, Department of Chemistry, Purdue University 


Introduction 

The olefines and other compounds possessing an ethylene 
bond are characterized by their power of reacting additively 
with the halogen elements. This phenomenon has been 
known since 1795, when ethylene dichloride was first 
prepared [8], but only recently has become of major im- 
portance as a means of the industrial synthesis of certain 
dihalides. The ready availability of the lower olefines, 
which occur abundantly in cracking-still gases, and the low 
cost of chlorine have led to the present importance of 
ethylene dichloride as an inexpensive chlorinated solvent 
and an important material for organic synthesis. Ethylene 
dichloride is used with the corresponding dibromidc as the 
means of supplying the halogens necessary to unite with 
the lead when tetra-ethyl lead is used as a suppressor of 
detonation in motor fuels. Propylene dichloride is also 
available in tank-car quantities, but its greater instability 
to heat and more rapid hydrolysis rate limit its uses for 
some purposes. 

Analytical Uses of the Olefine-Halogen Addition 

This reaction has been widely used as a means for the 
quantitative determination of olefinic bonds. Thus the 
Hanus method [12, 1901-2] employs iodine monobromide 
dissolved in glacial acetic acid, that of Mclihiney [20, 1899] 
uses bromine dissolved in carbon tetrachloride, while 
Francis [10, 1926] utilized the bromine liberated by the 
action of dilute sulphuric acid upon an aqueous solution 
of sodium bromide and sodium bromatc. By this last 
technique the concentration of bromine is maintained at 
a constant low value, and there is much evidence that this 
condition greatly minimizes substitution reactions. Francis 
points out that the presence of water is not a disadvantage, 
even though no mutual solvent is used to render it miscible 
with the gasoline or other hydrocarbon being tested, pro- 
vided vigorous agitation is employed. The addition of 
hypobromous acid to the olefine, which is a competing 
reaction, does not affect the results, since it requires the 
same quantity of bromine as does simple addition. 

^RCHBr CHBrR4 H 2 O 

RCH-CHR4 Bra+HaO 

^RCHBr CHOHR+HBr. 

More recently a saturated aqueous solution of iodine 
tribromide has been utilized for the rapid absorption of 
propene [22, 1933]. 

The principal difficulties involved in all these pro- 
cedures arc (a) substitution reactions arc difficult to 
eliminate, (b) reaction may be incomplete, and (c) results 
vary with the conditions of the experiment. Thus Konda- 
koff [17, 1891] has shown that olefines which react readily 
with mineral acids (usually those capable of thus forming 
tertiary halides) yield substitution products in addition to, 
or instead of, undergoing addition. Thus isobutene yields 
isocrotyl chloride and isobutenyl chloride, having the fol- 
lowing structures respectively: 


CH3 CH3 

I I 

CH3- C- CHCl CH2 - C- CH2CI. 

Bromine shows less tendency to substitute than chlorine, and 
the substitution reaction is more or less suppressed by low 
temperatures, but even on treatment with bromine at 0-5°C. 
isobutene yielded, according to Hurd and Spence [14, 1929], 
only 65*5% of the expected dibromide with 25*5% tribro- 
mide and 9 0% of still more highly brominated products. 

Mechanism of the Reaction 

Although ordinary laboratory experience with impure 
materials would lead one to suppose that the addition of 
bromine to olefines is practically instantaneous, Davis [5, 
1928] showed that, after careful purification and drying, 
ethylene and bromine require several days to react, while 
several hours are necessary for the bromination of propene. 
The reaction rate is markedly increased by the presence of 
a trace of moisture, and Davis postulated a mechanism 
involving a hydrate of bromine, Brj-HaO, as the inter- 
mediate. This hypothesis also explained the negative tem- 
perature coefficient, i.c. the fact that reaction is far more 
rapid at 0^ C. than at 25^ since it might be supposed that 
the hydrate is decomposed at the higher temperature. 
Davis’s hypothesis does not, however, explain why the 
reaction should have an induction period during which 
reaction is relatively slow; the discovery that the second 
25% of the olefine reacts in less time than the first 25%, 
even in fairly concentrated solutions, led Williams [28, 
1932] to conclude that some product of the reaction is the 
catalyst. Experiments showed that hydrogen bromide is a 
very powerful positive catalyst, the reaction becoming too 
rapid for accurate measurement when a little is added. 
Since hydrogen bromide might be formed by the action of 
bromine with water, the lesser catalytic effect of water is 
thus explained. Williams confirmed Davis’s discovery of 
the negative temperature coefficient and interpreted it on 
the assumption that the intermediate is the loose, molecular 
addition compound, C 2 H 4 -HBr, formed from ethylene and 
hydrogen bromide, and previously reported by Maass 
and Wright [19, 1924]. 

Davis also observed that different olefines show very 
different reaction rates with bromine, that light greatly 
accelerates the reaction, and that in the presence of light 
the differences between the reaction rates of various olefines 
are not nearly so striking as they are in the dark. 

When gaseous ethylene and bromine are mixed and 
allowed to combine at either 0° C. or room temperature, 
reaction occurs at the glass surface of the containing flask. 
Depending upon conditions, the addition of bromine and 
ethylene may behave as a zero-order, first-order, or second- 
order reaction. The transition from a second-order to a 
first-order reaction is favoured by {a) a wet surface, 
(b) relatively high initial pressures of bromine, (c) low 
temperature. The fact that oxygen, nitrogen, and air retard 
the reaction was interpreted as indicating the existence of 
a chain mechanism which starts on the glass and extends 
to vapour phase. 
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Stewart and Smith [24. 1929] observed that the addition 
of chlorine to ethylene likewise takes place at the glass 
surface of the containing vessel when the reactants are 
gaseous. When the ethylene and chlorine arc thoroughly 
dry and pure the reaction is autocatalytic. Substitution 
occurs as well as addition, and the presence of gaseous 
oxygen tends to retard both reactions, but especially the 
substitution. The presence of liquid ethylene dichloride or 
trichloroethane catalyses the reaction positively. In a later 
paper Stewart and Smith [25, 1930] postulate the following 
mechanisms, the asterisks indicating an activated form of 
the compound : 

CiH4(gas)-f ClaCgas) C,H4a/ 

CtH 4 Cl 2 * + C 2 H 4 + Cl2 -> 2C2H4CI2 
QH4Cl/-f-Cl2(gas) 

~>C2H3Cl3* + HCl 

deacUvator QHaCl3(gas) + HCl(gas) 

QH,a3*+QH3+CI, 

-> QHjCla * + CjH.Clj * 58, 1 00 calories 

CjH.Clj* — ♦ C2H4Clj(gas)+ 36,400 calories. 

wall 

The efficiency of propagation of the chains must be very 
low or explosions would occur more readily than they do. 

A large excess of either reactant may serve to dissipate the 
energy of the activated molecules and thus to retard the 
induced reaction. 

‘According to this picture of the mechanism there is no 
essential difference between the thermal and the induced 
reactions. Photons, or any other source of activation 
within the liquid phase, might induce the reaction, and 
there is evidence that light induces a gas-phase reaction 
under the conditions of the present experiments. Of 
particular importance is the idea that by this mechanism 
energy need not be transferred at all from one molecule 
to another to induce the rate-determining step of the 
reaction. The presence of the liquid film brings about 
a faster reaction either by permitting the surface-formed 
intermediate to escape from the surface with its energy, 
thereby initiating a reaction chain within the liquid, or 
receives this energy by transfer with the same result.’ 

Another view of the role of oxygen as inhibitor is given by 
the researches of Leermakers and Dickinson, who studied 
the addition of chlorine to tetrachloroethylene. Here the 
complication of a substitution reaction is eliminated and 
only one product results from the reaction in the absence 
of oxygen. The situation was further simplified by using 
monochromatic light of A 4,358 which activates only the 
chlorine, since it is not absorbed by the chloro-olefine or 
the oxygen. The combination is markedly inhibited by the 
presence of free oxygen, and if sufficient oxygen is present, 
the products consist exclusively of oxygenated derivatives, 
trichloroacetyl chloride and phosgene, in spite of the fact 
that it is the chlorine which is being activated by the light. 

C2CI4+CI2 — > C2CI4 
2C2CI4+O2 2CCI3COCI 
C2Cl4-f-02 2COCI2. 

In the absence of oxygen the results may be interpreted by 
the following chain mechanism: 

C\t^-hv->lC\ 

Cl-f-C2Cl4 ^ C2O5 

2C2CU -> 2C2CI4+CI2 (or CjCle+CjCh). 

Under the conditions of the experiments one quantum of 
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light caused from 300 to 2,500 molecules to react in the 
absence of oxygen, while in its presence only 1-3 molecules 
reacted per quantum absorbed. The inhibition of the reac- 
tion is thus caused by the energy of the free chlorine atoms 
being utilized in some way for the promotion of the oxida- 
tion. In this way the reaction chains are broken. 

Dcaneslcy [6, 1933; 7, 1934], by a careful exclusion of 
free oxygen, has been able to utilize the addition reaction 
as a means of initiating reaction chains which result in the 
substitutive chlorination of co-present saturated hydro- 
carbons. Thus a mixture of 10% of butene and 90% 
butane may be chlorinated to a mixture of monochlorides 
and dichlorides of butane. This would seem to be more 
consistent with the mechanism of Leermakers and Dickin- 
son than with that of Stewart and Smith, since in the latter 
case it was assumed that reaction might occur without the 
transfer of energy from one molecule to another. Although 
the mode of initiation of the reaction chains by absorption 
of light could not occur under Deanesley’s conditions, it 
seems certain that any mechanism which would produce 
monatomic chlorine molecules would result in substitutive 
chlorination. On the other hand, Deanesley did not ob- 
serve that the addition of chlorine to butene was retarded 
appreciably by the presence of free oxygen, although the 
substitutive halogenation was very greatly inhibited. This 
interesting selective inhibition suggests the possibility that 
the vigorous agitation advocated by Francis in the ana- 
lytical bromination of olefines may have contributed to the 
precision of the results by maintaining a maximum con- 
centration of free oxygen. 

Industrial Processes 

Ethylene dichloride may be produced by the combination 
of ethylene and chlorine under a variety of conditions. The 
process patented by Curme [3, 1912, 1919, 1921] consists in 
allowing dry chlorine to react with ethylene in liquid phase 
at temperatures below O'" C., under a pressure corresponding 
to the vapour-pressure of the chlorine. The low tempera- 
ture and absence of light suppress the formation of more 
highly chlorinated materials, while the absence of moisture 
largely eliminates corrosion difficulties. It is desirable to 
use ethylene which is relatively free from propylene or, of 
course, the product will be contaminated with the less 
stable propylene dichloride. 

Another process is that of Mersereau [21, 1924, 1925]. 
In this procedure ethylene and chlorine are mixed in 
gaseous phase and allowed to rise through a reaction tower. 
The temperature is controlled by a spray of cold water or 
chlorinated hydrocarbons which travels countercurrcntly 
to the gas. The exit gases are passed through a condenser 
and the condensate returned to the base of the tower. In 
case water is used as the cooling liquid, it is separated by 
decantation from the chlorinated products as they leave 
the base of the tower. 

Strosacker [26, 1930] has advocated the use of antimony 
pentachloride dissolved in ethylene dichloride as the chlo- 
rinating agent. This compound is converted to antimony 
trichloride in the process, and the latter is easily re- 
chlorinated to the pentachloride. It is stated that no sub- 
stitution reactions occur when this procedure is used. 

Ethylene dibromide may be produced by the addition 
of bromine to ethylene or by the combination of hydro- 
s' bromide [2, 1925; 27, 1931] with cither acetylene or 
vinyl bromide. The actual production, at least in the U.S. A., 
has been through the former synthesis. This product 
utilized most of the 9 million pounds of bromine produced 
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in that country in 1931. Ethylene dibromide and ethylene 
dichloride are used with tetra-ethyl lead in ‘ethyl’ gasoline. 
Because of the increasing demand for motor fuel of high 
octane number, the bromine production has recently been 
augmented by the erection of a plant of a capacity of 
20 million pounds per annum for extracting |he element 
from sea-water. Conversion of bromine to ethylene di- 
bromide is said to take place ‘according to the standard 
method [23, 1934] to form pure ethylene dibromide ... at 
an efficiency somewhat over 90% ’. The ‘standard method’ 
referred to is presumably the liquid-phase reaction pro- 
duced by dissolving ethylene in an excess of bromine. 
When carried out in the laboratory as an exercise in ele- 
mentary organic chemistry, the bromine is covered with 
water to prevent undue losses by evaporation, and the heat 
of the reaction is removed by immersing the absorption 
apparatus in cold water. The corrosive nature of bromine- 
water might be expected to lead to the large-scale manu- 
facture being conducted under substantially anhydrous 
conditions, since Williams has shown that hydrogen bro- 
mide rather than water appears to be the necessary catalyst. 

The production of ethylene dibromide from acetylene by 
the addition of 2 molecules of hydrogen bromide is a pos- 
sibility in locations where ethylene is more expensive than 
the former hydrocarbon. This would appear to be contrary 
to Markownikoff’s rule, which states that halogen acids 
add to olefines in such a way that the halogen attaches 
itself to the least hydrogenated carbon atom, and, in fact, 
Kharasch, McNab, and Mayo [16, 1933] have shown that 
the ‘normal’ reaction proceeds as follows, yielding first 
vinyl bromide and secondly 1,1-dibromoethane: 

(1) CoH2+HBr->CH2-CHBr 

(2) CHj CHBr+HBr->CH 3 *CHBra. 

Statements in the literature concerning the products of the 
addition of hydrogen bromide to vinyl bromide are ex- 
tremely conflicting (e.g. see the article by Wibaut [27, 
1931]), and according to Kharasch the factor which ac- 
counts for these divergent results obtained by former 
workers is the ‘peroxide effect’. Thus, in the absence of 
peroxides or substances such as free oxygen which are 
capable of yielding peroxides, the reaction yields practically 
100% 1,1-dibromoethane. In the presence of oxygen or 
peroxides the reaction may yield 100% ethylene dibromide. 
Solvents, temperature, light, anti-oxidants, and different 
salts and surfaces exert their specific effect not upon the 
organic molecule itself, but either upon the peroxide mole- 
cules or in activating oxygen liberated by the decomposi- 
tion of peroxides. Similar relationships hold for many 
other additions of hydrogen bromide to olefinic bonds, but 
it is interesting to note that peroxides do not affect the 
addition of hydrogen iodide or hydrogen chloride. In the 
case of hydrogen iodide its powerful reducing action 
eliminates peroxides from the reaction zone, but the reason 
for the absence of ‘peroxide effect’ in the additions of 
hydrogen chloride to olefines is still entirely obscure. The 
statement from the patent literature that ethylene dibro- 
mide can be produced by reaction between acetylene and 
hydrogen bromide in the vapour phase in the presence of 
oxidizing gases such as air, oxygen, nitrogen peroxide, and 


ozone [11, 1929] is doubtless correct, and this observation 
seems to comprise the first recognition of the importance 
of oxidants as catalysts in this reaction. 

Propylene dichloride (1,2-dichloropropane) may be pro- 
duced by the same general methods which have b^n noted 
in the case of ethylene dichloride. For instance, Curme 
[4, 1919] has described a process in which liquid chlorine 
reacts with liquid propylene in the presence of an inert 
diluent such as carbon tetrachloride or propylene dichloride 
itself. An excess of propylene is used to minimize the 
formation of substances more highly chlorinated than the 
dichloride. 

Propylene dichloride is a colourless liquid boiling at 
96-8^' C., having a density of 1*166 and refractive index of 
1 *4388. Its chemical and physical properties resemble those 
of ethylene dichloride except for the difference caused by 
the presence of the secondary chlorine atom which leads 
to lesser stability and greater ease of hydrolysis. Its use 
has been suggested as a solvent for removing acetic acid 
from aqueous solution [13, 1933]. It has been found 
effective as a fumigant against the larvae of the European 
corn-borer [9, 1933] {Pyrausta nubilalis Hubn.). It is more 
inflammable than ethylene dichloride, and when mixed with 
air in suitable proportion can develop more explosion pres- 
sure in a closed bomb test than is produced by methane-air 
mixtures [15, 1933]. 

The homologues of ethylene dichloride of more than 
3 carbon atoms have not assumed any considerable in- 
dustrial importance, although many of them are very easily 
prepared. The presence of chlorine in secondary and/or 
tertiary positions causes a more or less pronounced ten- 
dency to split out hydrogen chloride upon distillation, and 
this effect becomes greater with increasing distillation 
temperature as we ascend the homologous series. The 
dichlorides of butane and of isopentane were of interest at 
one time as raw materials for the production of 1,3-buta- 
diene and isoprenc respectively, which were looked upon 
as possibilities for the production of synthetic rubber. 
Because of the present low prices of natural rubber, the 
appearance of Duprenc (polymerized 2-chloro-l,3-buta- 
dienc), and the development of other processes for making 
diolefines, it does not seem likely that synthetic rubber will 
be made from olefine dichlorides. 

In the conversion of certain higher olefines, such as 
trimethylethylene, to dichlorides where, as noted above, 
the suppression of substitution is a matter of considerable 
difficulty, the following procedure has been employed by 
the Badische Anilin- und Soda Fabrik. Sulphuryl chloride, 
SOjCla, is gradually introduced with stirring, into an excess 
of trimethylethylene, the temperature being maintained at 
—2 to O'" C. ; after a further period of agitation, the sulphur 
dioxide and the excess of amylenc are distilled off and 
the residue rectified in a vacuum. The sulphur dioxide is 
recovered and used to form more sulphuryl chloride. The 
formation of substitution products is said to take place to 
only a very small extent. At present, however, amylene 
dichlorides are available as a by-product of the chlorina- 
tion of pentanes at a price which makes them the most 
inexpensive chlorinated solvent. It would seem that further 
research may indicate additional uses for this product. 
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The advent of cracking for gasoline made available large 
quantities of by-product gas rich in the simpler olefines. 
Cracked oil gas for gas enrichment had long been known as 
Pintsch gas; but the chemical utilization of thesimpleolefines 
came only with the improvement of large-scale cracking. 

The glycols and related derivatives of the simpler 
paraffin hydrocarbons have long been known. Interest in 
their production on an industrial scale was greatly stimu- 
lated during the World War by the fact that ethylene 
chlorohydrin can easily be converted to the now well- 
known mustard gas, dichloro-ethyl sulphide. The interest 
in the use of dinitro-ethylenc glycol, with nitroglycerine, 
in low-freezing dynamite also was a factor in the com- 
mercial development of the glycols. The use of ethylene 
glycol as an anti-freeze fluid for automobile radiators and 
the industrial uses of related products such as ethylene 
dichloride, ethylene oxide, and ethanolamines came later, 
after 1924, with the manufacture of ethylene glycol on a 
large commercial scale from ethylene derived from oil gas. 

This development has been favoured in the United 
States by a period of unusually low-priced petroleum, the 
commercial installation of so-called vapour-phase oil- 
cracking processes giving relatively large yields of by- 
product gas rich in olefines, by low-priced electrolytic 
chlorine, and by the development of efficient methods for 
the separation of the olefines in oil gas so that pure chemical 
products could be produced. 

During the World War the ethylene required for the 
manufacture of mustard gas was made by the catalytic 
decomposition of ethyl alcohol. In the United States ethy- 
lene is made in this way for the manufacture of ethylene 
dibromide and ethyl chloride for tetra-ethyl lead and Ethyl 
Fluid. 

The separation of nearly pure ethylene from oil gas is 
advantageous on account of the purity of the resulting glycol 
and other products. The normally gaseous hydrocarbons 
can best be separated by fractional distillation at low tem- 
peratures. Ethylene can thus be separated from a typical oil 
gas containing 28 to 30% ethylene in a purity of 984- %, the 
small impurity being ethane. The recovery of the ethylene 
from such a gas is about 90%. This method of separation 
was originally proposed by Claude [18, 1929] for the 
purification of hydrogen from coal gas. Absorption in 
a solvent and fractionation under pressure in the presence 
of a solvent has been described by Curme [21, 1922]. 

The processes which are of greatest industrial interest 
are as follows : 

(1) The reaction of ethylene with chlorine and hypo- 
chlorous acid, or cold chlorine water, as first carried out 
experimentally by Gomberg [36, 1919]. 

CU + H,0^-?H0C14-HC1 

4'C2H4 ‘■|'C2H4 

4' I 

C2H*CU CH2OH 

CHjCl 

Both ethylene chlorohydrin and ethylene dichloride are 
produced, the latter in increasing proportions as the 


accumulation of hydrogen chloride in the solution sup- 
presses the formation of hypochlorous acid. 

(2) Hydrolysis of ethylene dichloride by water alone 
under pressure, by aqueous sodium carbonate [53, 1917], 
or under other slightly modified conditions. 

(3) Hydrolysis of ethylene chlorohydrin by heating 
under pressure with aqueous sodium carbonate or bicar- 
bonate as described by the Societe Anonyme d’Explosifs 
[63, 1913]. 


CH2CI CH, OH 

I ^ 1 NaHC 03 ~> | +NaCl + AcH*0 

CH2OH CHjOH 

-fCO* 

(4) Conversion of chlorohydrins to alkylene oxides by 
lime or caustic alkali and hydrolysis of the oxides by water 
or very dilute acid, as first described by Henry [39, 1907]. 


CHjCl CHo. 

I } NaOH -> I >04 NaCl h H^O 
CH.OH CH/ 

CH.v CH2OH 

I >fH,0^| 

CH/ CHjOH 


(5) The direct catalytic oxidation of ethylene to ethylene 
oxide absorbing and hydrolysing the oxide in cold acidu- 
lated water is also of great interest. 

Since the chemistry involved in these processes is very 
simple and has long been known, most of the patents 
which have been issued in recent years are for very specific 
process improvements. In this brief discussion no attempt 
is made to distinguish between similar patents or to men- 
tion all of them. The same considerations apply equally 
to the related derivatives, many of which are now of 
commercial importance. 


Intermediate Products 
Olefine Dihalides. 

Dichlorides made by the addition of chlorine to olefines 
are of little or no importance as raw materials for the 
manufacture of glycols, with the exception of ethylene 
dichloride. In early investigations both ethylene dichloride 
and dibromide were used. Ethylene dichloride is obtained 
as one of the products of the reaction of ethylene and 
chlorine water. Gomberg [36, 1919] noted that when the 
final concentration of ethylene chlorohydrin had reached 
130 g. per litre the ethylene distribution was 85% of the 
chlorohydrin and 15% of the dichloride. The addition 
of chlorine to ethylene is slow in the absence of catalysts 
or solvents. Substitution usually takes place forming 
trichloroethane and other high-boiling products. Good 
yields of dichloride are favoured by low temperatures 
[7, 1917; 3, 1930] and Curme [22, 1919] has described its 
production by passing ethylene, under pressure, into 
liquid chlorine below O'" C. 

Wurtz first made ethylene glycol, in 1857, from ethylene 
dibromide by heating with anhydrous sodium acetate and 
hydrolysing the diacetate [69, 1857]. The first process of 
industrial interest was that of Matter, noted above. 
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Matter’s process is carried out by heating ethylene di- 
chloride with aqueous sodium carbonate at 130 to 140®, in 
an autoclave under moderate pressures. The reaction is 
slow, requiring about 6 hours, and the separation of much 
salt in concentrating the glycol is very troublesome. 
Difficulties connected with the separation of salt are also 
encountered when the chlorohydrin is hydrolysed with 
soda. The hydrolysis of the chlorohydrin is, however, 
much more rapid and the soda required and the resulting 
salt is only half as great as in the Matter process. These 
difficulties are largely avoided when ethylene oxide is the 
intermediate substance. 

The conversion of other alkylene dichlorides to glycols 
in general gives poorer yields, although Matter states that 
his method also gives good yields of propylene glycol from 
propylene dichloride. Bainbridge [4, 1914] confirmed 
earher work that ethylene dibromide gives nearly theoreti- 
cal yields of glycol diacetate by heating with potassium 
acetate but that propylene dibromide gives about J bromo- 
propylene CH3CH CHjBr and i glycol diacetate. A 
process very similar to Matter’s was patented by Hibbert 
[41, 1917]. 

Much of the early experimental work in this field was 
carried out on the dihalides. While none of this work 
resulted in anything of industrial interest, much of it is of 
interest in understanding the chemistry of these substances. 
Atkinson [1, 1858] made ethylene glycol by heating 
ethylene dibromide with potassium acetate in 85% 
alcohol. He stated that the dichloride can be used in the 
same way but requires heating at 100° C. for 3 or 4 days. 
Atkinson obtained glycol mono-acetate which was saponi- 
fied to the glycol. The method of Atkinson was further 
studied by Demolc [26, 1874], and Erlenmeyer [31, 1878] 
reported a yield of 65% of the theory by this method. 
L. Henry and P. Henry [40, 1896] showed that good yields 
of glycol could be obtained by heating ethylene dibromide 
with dry sodium acetate in 90% methyl alcohol, glycol 
diacetate being formed readily at 100 to 105°, this being 
converted to glycol and methyl acetate. Similarly ethylene 
dichloride gives good yields of glycol by heating with 
sodium formate in methyl alcohol at about 165° C. [II, 
1917]. In view of the interest in vinyl compounds it may 
be noted that ethylene dibromide heated with aqueous 
potassium carbonate gives mainly glycol and a small yield 
of vinyl bromide, CH 2 = CH Br, but alcoholic caustic 
soda yields exclusively vinyl bromide [6, 1933]. 

Some interest has been shown in the hydrolysis of 
ethylene dichloride by heating with water under pressure. 
Carius [15, 1864] reported that the hydrolysis of ethylene 
dibromide, by heating with water under pressure, gave 
poor yields of glycol due to decomposition of glycol by 
the acid formed. Niederist [56, 1879] reported a yield of 
60% of the theory by this method. Hough [42, 1916], who 
was one of the pioneers in the use of glycol dinitrate in 
dynamite, proposed to catalyse the hydrolysis by heating 
ethylene dichloride with water and ferric oxide under 
pressure. 

On account of the importance of ethylene dichloride, 
CHga-CHjCI, as a solvent the following physical pro- 
perties are noted: boiling-point 83*5° C. at 760 mm.; 
freezing-point —36° C.; 1-2569; specific heat at 30° C. 

0-3054 calories per gram; latent heat of evaporation 
77-34 calories per gram at 82-2° C. It is miscible with 
essential oils, fatty oils, and petroleum oils. Paraffin wax 
is only very sparingly soluble in this solvent below 25° C., 
and this property has been utilized in the dewaxing of 


petroleum distillates [52, 1932] and for the separation of 
waxes from crude petroleum [38, 1935]. It is slightly 
inflammable and is sometimes blended with 25% by volume 
of carbon tetrachloride to overcome this hazard. It is 
more stable to water and steam than carbon tetrachloride. 
Its properties as a solvent and as a component of solvent 
mixtures have been reported by Fife and Reid [33, 1930]. 

Several industrial chemical uses of ethylene dichloride 
have been developed, of which the manufacture of ethylene 
diamine [23, 1932] by reaction with ammonia, and the 
manufacture of rubber-like material by its reaction with 
alkali polysulphides may be mentioned. 

Ethylene dibromide was formerly used for the laboratory 
preparation of ethylene glycol. It is manufactured on a 
large scale for use in Ethyl Fluid with tetra-ethyl lead. 

Propylene dichloride has not been manufactured on 
a very large scale and has found no important indus- 
trial application. The corresponding propylene glycol, 
CH3CHOH CH.UH, is not as satisfactory as ethylene 
glycol for most of the industrial uses in which the latter is 
used. Propylene glycol is much more easily made from 
the chlorohydrin or from propylene oxide than from the 
dichloride. Essex and Ward [32, 1923] state that good 
yields of allyl chloride are obtained by decomposing 
propylene dichloridc by passing over a catalyst containing 
calcium chloride at 300 to 350° C. Decomposition of 
propylene dichloride with caustic alkali yields no allyl 
chloride but a mixture of 1-chloropropylene and 2-chloro- 
propylcne [37, 1927]. Allyl chloride, if produced in 
quantity by the method of Essex and Ward, would make 
possible the industrial synthesis of glycerol. At present 
the only industrial source of allyl compounds, allyl 
alcohol, is in the products of wood distillation. Allyl 
chloride or bromide is of considerable interest for the 
laboratory synthesis of hydrocarbons containing a double 
bond on the two end carbon atoms, as, for example, normal 
hexene- 1 [12, 1918]. 

Chlorohydrins. 

The first preparation of ethylene chlorohydrin by the 
addition of hypochlorous acid to ethylene was described 
by Carius in 1862 [14, 1862]. It is curious that the method 
of making dilute hypochlorous acid solutions first described 
by Williamson in 1845 [67, 1845] and also given in Gmelin’s 
well-known Handbook of Chemistry in 1849 should have 
been the best and most convenient source of hypochlorous 
acid for preparing chlorohydrins until 1919 when Gom- 
berg published his results on the use of chlorine water for 
this purpose. Williamson’s method consisted in passing 
chlorine into a cold aqueous alkali carbonate solution, 
forming CO 2 , alkali chloride and free hypochlorous acid. 
This is essentially the same method of preparing hypo- 
chlorous acid solutions as that recommended by Wohl 
and Schweitzer much later [68, 1907]. In this connexion 
it may be noted that it was shown as early as 1878 that 
ethylene chlorohydrin is practically not affected by excess 
hypochlorous acid or chlorine [58, 1878]. H. V. Walker 
made hypochlorous acid, for the production of amylene 
chlorohydrins, by treating aqueous sodium hypochlorite 
with an excess of sodium bicarbonate. Essex and Ward 
(loc. cit.) passed ethylene and carbon dioxide into sodium 
hypochlorite, and during the World War ethylene chloro- 
hydrin was manufactured in Germany by passing ethylene 
and carbon dioxide into aqueous solutions of bleaching 
powder [57, 1919]. Ethylene and propylene chlorohydrins 
were made on a small commercial scale in 1918 by using 
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Williamson’s method of making hypochlorous acid and 
continuously circulating the cold dilute solution through 
a tower in contact with purified oil gas under pressure 
[8, 1923; 10, 1923; 9, 1920]. 

Curme and Young [24, 1923] described liberating hypo- 
chlorous acid from sodium hypochlorite by adding excess 
chlorine, a method long known, but the patent specifics 
adding insufficient chlorine to liberate all of the hypo- 
chlorous acid. Such mixtures are notoriously unstable and 
this procedure was corrected in the method proposed by 
Young [73, 1923] who continuously added a small pro- 
portion of sodium hypochlorite to a circulating body of 
solution to which chlorine was also added. The method 
of Gomberg is more efficient and avoids the use of soda 
or alkali. 

Since the chlorohydrins readily hydrolyse, distillation 
equipment for concentrating chlorohydrins must be 
capable of withstanding the action of hot dilute hydro- 
chloric acid. Special stoneware towers or packed towers 
lined with acid-proof brick are suitable for this purpose. 
In this way dilute chlorohydrin solutions are readily 
concentrated to the azeotropic mixture of ethylene chloro- 
hydrin and water, containing 42-5% chlorohydrin and 
boiling at 95-8^ C., at 735 mm. 

For the conversion of ethylene chlorohydrin to glycol, 
either through the intermediate formation of ethylene 
oxide or by hydrolysis with aqueous sodium carbonate, it 
is not necessary to separate anhydrous chlorohydrin. If 
the dilute chlorohydrin is concentrated in a stripping 
tower the hot vapours may be passed into a scrubbing 
tower containing hot milk of lime or caustic alkali to 
produce ethylene oxide which passes overhead and may be 
condensed or absorbed in cold 1% sulphuric acid for 
conversion into glycol. 

Anhydrous ethylene chlorohydrin distills at 132*^0. at 
761 mm. and has the density, 1*1980. Anhydrous 
ethylene and propylene chlorohydrins can most con- 
veniently be made from the azeotropic products by salting 
out in the presence of benzene and distilling the latter. 

Although anhydrous ethylene chlorohydrin is an ex- 
cellent solvent for cellulose acetate and many resins, the 
ease with which it hydrolyses, liberating hydrochloric acid, 
has prevented its use in lacquer solvent compositions. The 
chemical reactivity of chlorohydrins of this type is evi- 
dently due to the proximity of the chlorine and hydroxyl 
group, since in chlorohydrins in which these groups are 
separated by one or more CHa groups the reactivity of 
the chlorine atom is substantially that of the alkyl chlorides. 

The hydrolysis of ethylene chlorohydrin by water alone 
yields acetaldehyde and ethylene glycol [49, 1902], Caustic 
alkalis give nearly quantitative yields of ethylene oxide 
under conditions permitting the removal of the oxide as 
fast as formed, caustic alkalis reacting with the oxide in 
solution to form gummy condensation or polymerization 
products. Sodium sulphide in aqueous solution readily 
gives good yields of beta-thio-diglycol [54, 1887]. 

CH,OH CHaOH CHaOH 

2 I 4-NaaS-^l | -fZNaCl. 

CHaCl CHa— S—CHa 

Potassium cyanide in alcohol solution readily gives the 
cyanohydrine which on treating with concentrated hydro- 
chloric acid yields chloropropionic acid [46, 1917]. 
Concentrated sulphuric acid on anhydrous ethylene 
chlorohydrin [47, 1921] gives a good yield of BB'- 
dichlorodiethyl ether, a solvent known commercially as 
Chlorex and used in the petroleum industry as one of the 


solvents in the solvent refining of lubricating oils. This sol- 
vent, boiling at 178® C., is relatively stable. With alcohol 
it becomes a solvent for cellulose esters [33, 1930]. Ethylene 
chlorohydrin has had many applications in organic 
synthesis which cannot be review^ here. It is commonly 
supplied in the form of 42% aqueous solution. 

Propylene also reacts readily with hypochlorous acid 
to give a mixture of the two isomeric chlorohydrins 
[62, 1918]. 

^CHaCHOH* CHaCl 90% 
CH.CH-CHa }-HOHCI<( 

^CHaCH Cl CHaOH 10% 

Among the higher ethylene homologues the chlorine water 
method gives greater proportions of dichlorides. As noted 
above. Walker [66, 1910] made amylene chlorohydrins 
by treating with cold aqueous solutions of hypochlorous 
acid made by the action of sodium bicarbonate on sodium 
hypochlorite. 

The action of hypochlorous acid on the higher ethylene 
homologues, cracked petroleum olefines, terpenes,&c., has 
been studied very little. A convenient reagent for making 
chlorohydrins, for research purposes, is that of Detoeuf 
[27, 1922] who uses A-chloro-urea as a source of hypo- 
chlorous acid. The yields of chlorohydrins are generally 
good, 50 to 75% of the theory, though the reaction is 
slow. Detoeuf in this way made the chlorohydrins of 
trimethyl ethylene, hexcne-2, tetramethyl ethylene, iso- 
heptene-1, octene-2, styrene, cyclohexene, &c. 

The properties of some of the simpler chlorohydrins 
are as follows: 


Substance 

1 B.p ^ C 

Density 

CHaCHCl CH.OH . 

133-4 

1-103 

CHsCHOHCHaCl . 

1 126-7 

(/ 20 M 11 

CHaCHaCHOHCH^Cl 

i 141 


CH 3 CHOHCHCICH, . 

138-9 

</8 I 0868 

(CHaKCOHCH.Cl . 

128 1 

1-0878 

CHaCHOH CHCl CHaCHjCHs . 

170 

d'i 1-018 

Cyclohcxcne chlorohydrin . 

84-5 (16 mm.) 

d'i 1-138 


Alkylenc Oxides. 

The simpler alkylene oxides are very reactive, being 
readily hydrolysed to the corresponding glycols, react 
readily with ammonia to form hydroxy alkyl amines, and 
undergo a wide variety of reactions of great interest. 
Ethylene oxide itself has found application as an insecticide 
and is used for treating grain and for the protection of furs 
in storage. Their chief importance, however, is as inter- 
mediates in the manufacture of glycols, glycol ethers, and 
hydroxy alkyl amines. 

In the manufacture of ethylene glycol ethylene chloro- 
hydrin is converted into the oxide by the use of lime, which 
is a great saving over the use of soda or caustic alkali, and 
the troublesome separation of glycol and salt is largely 
avoided. 

The simpler alkylene oxides have long been known, 
having been made by the action of caustic alkali on the 
chlorohydrins [70, 1859]. Walker [66, 1910] used slaked 
lime for making amylene oxides from the chlorohydrins. 
Good yields of ethylene and propylene oxides may be 
obtained by gradually adding caustic alkali [13, 1926] or 
lime to hot chlorohydrin solutions, the oxides being 
removed as fast as formed [2, 1920; 17, 1929]. Up to the 
present time (1935) all of the ethylene and propylene oxides 
produced industrially have been made from the chloro- 
hydrins. 
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The direct oxidation of ethylene to ethylene oxide is of 
great interest as thus the use of chlorine and alkali is 
avoided. Such a method was suggested by the work of 
Lenher [51, 1931], who passed oxygen with excess ethylene 
through a Pyrex tube heated to 535” C. Various catalysts 
[64, 1931] have been proposed for the reaction [28, 1933]. 
Francon [34, 1933] reports that the optimum temperature 
is 375° C. The catalysts used are stated to be poisoned 
by traces of sulphur compounds. Finely divided silver is 
one of the catalysts recommended [64, 1931 ; 5, 1935] and 
temperatures within the range 350-400° C. A silver 
catalyst promoted by small quantities of iron, copper, or 
gold is recommended by Lefort [50, 1935]. 

The ease with which the simpler alkylene oxides are 
hydrolysed by dilute acids [39, 1907] to the corresponding 
glycols is utilized in the manufacture of glycols. Ethylene 
oxide is converted to glycol by heating with water under 
pressure, as noted by Wurtz [71, 1860], and isobutylene 
oxide is rapidly hydrolysed by water alone at ordinary 
temperatures [30, 1883]. Glycol ethers are also formed if 
small proportions of water are used, since the more reactive 
oxides, such as ethylene oxide, react with other glycols or 
alcohols. 

CH,k CH,0H CH,0H CHjOH 

I >0+1 - 1 r 

CH/ CH^OH CHj— o— ch* 

and 

CH.V CH,OC,H. 

I >0 + QH,OH-> I 

CH/ CHjOH 

The latter reaction is used in making mono-ethers of 

ethylene and propylene glycols, a series of which is pro- 
duced commercially. 

Oxides of this type tend to rearrange to aldehydes on 
treatment with dilute acids. Good yields of alkyl ethers 
are favoured by using anhydrous alcohols in the above 
reaction. Thus propylene oxide yields propionic aldehyde, 
and isobutylene oxide yields isobutyric aldehyde. The 
reaction products, with acidulated alcohols, therefore may 
contain these aldehydes and their acetals, in addition to the 
glycol ethers. 

The glycol ethers can also be prepared by heating the 
oxides with alcohols, in autoclaves, to about 150° C. for 
several hours [72, 1928]. A continuous process for making 
alcohol and phenol ethers by reaction with ethylene oxide 
at high temperatures, 130-180° C., has also been described 
[45, 1929]. The reaction of substances containing one or 
more hydroxyl groups with ethylene oxide and similar 
oxides is quite general and has been applied to carbo- 
hydrates, cellulose, &c. 

The anhydrous chlorohydrins also react with sodium 
alcoholates to give glycol mono-alkyl ethers [20, 1924]. 

The mono-methyl, -ethyl, -normal butyl, and -amyl ethers 
of ethylene glycol have been employed in lacquer composi- 
tions. Some of the physical properties of the better known 
ethylene glycol ethers are as follows [25, 1926]: 


Mono^alkyl Ethers of Ethylene Glycol 



B.p. ^ C. 
at 743 mm. 

o{t 


Methyl 



124-5 

0-9748 

1-4004 

Ethyl 



134-8 

0-9360 

1-4042 

Isopropyl . 



144-0 

0-9139 

1-4080 

n-Propyl 



150-0 

0-9110 

1-4125 

Isobutyl 



158-8 

0-9130 

1-4135 

/f-Butyl 



170-6 

0-9188 

1-4177 

Isoamyl 



181-0 

0-9000 

1-4198 


The dialkyl ethers of the simple glycols are generally 
not as valuable as lacquer solvents as the mono-alkyl ethers. 

It has been noted above that, in accordance with the 
general reaction, ethylene oxide reacts with ethylene glycol 
to form a series of glycol ethers. The simplest one of the 
series, diethylene glycol, CH 2 OH CH 2 O CH 2 CH 2 OH, is a 
very hygroscopic liquid boiling at 244-5° C., and its dinitrate 
is of value in the manufacture of low-freezing dynamite. 
The dinitrate is more fluid than nitroglycerol, freezes when 
pure at — 11-3°C., and is less sensitive to shock than 
nitroglycerol or glycol dinitratc [61, 1913; 43, 1932]. The 
mono-ethyl ether of diethylene glycol, boiling-point 198° C. 
at 760 mm., is also a solvent for cellulose nitrate and many 
gums and resins. The mono-alkyl ethers of diethylene 
glycol are marketed under the name of Carbitols, and the 
ethylene glycol mono-alkyl ethers arc sold under the 
series name of Cellosolve. 

Propylene oxide, CH 3 CHCH 2 , a liquid boiling at 35° C. 

\/ 

O 

at 760 mm. undergoes the same series of reactions already 
noted in the case of ethylene oxide. With alcohols a series 
of mono-alkyl ethers is formed. 


Mono-alkyl Ethers of Propylene Glycol 



B.p. " C. 
at 743 mm. 

P\l 


Methyl 

122-8 

0 9335 

1 -4035 

Ethyl 

1330 

0 9090 

1-4061 

Isopropyl . 

141-5 

0 8900 

1 4062 

Ai- Propyl 

150-0 

0-8970 

1-4102 

Isobutyl 

161-3 

0-8810 

1 4112 

/i-Butyl 

170-6 

0-8890 

1 4151 

Isoamyl 

183-3 

0-8835 

1-4182 


Both ethylene oxide and propylene oxide react with 
aqueous ammonia to form mono-, di-, and tertiary-basic 
derivatives. The ethanol amines are best known indus- 
trially; mixtures of them having been employed to remove 
carbon dioxide and hydrogen sulphide from various in- 
dustrial gases (sec the article on this subject by R. R. 
Bottoms, p. 1517). In the preparation of the ethanol 
amines an excess of ammonia favours the formation of 
mono-ethanol amine and an excess of ethylene oxide 
favours the formation of tri-ethanol amine [35, 1933; 48, 
1897]. The three ethanol amines are miscible with water. 
The fatty acid salts are excellent emulsifying agents. 
Ethanol amine oleate is useful in forming oil-in-water 
emulsions [65, 1929]. The ethanol amines have been 
suggested for a wide variety of other industrial applications 
[29, 1934]. 

The use of ethylene oxide as a fumigant and insecticide 
has been referred to. It is not without toxic effects upon 
human beings, but generally is not considered dangerous 
in this respect. Exposure to concentrations up to 32 g. per 
cu. metre for a short time are reported not dangerous 
[55, 1932]. To reduce the fire hazard in the use of the 
vapour mixed with air the admixture of about 7 lb. of 
carbon dioxide to I lb. of ethylene oxide is recommended. 
A concentration of 2 lb. of ethylene oxide in 1,000 cu. ft. 
of air space is reported to be 100% fatal to insects in 
grain, solid foods, fur, clothing, &c., in 24 hours [19, 
1928; 44, 1928]. 

The Glycols. 

The glycols which may be made from the olefines of oil 
gas include ethylene glycol, propylene glycol, and butylene 



GLYCOLS AND RELATED COMPOUNDS FROM OIL GAS OLEFINES 


glycols (butane- 1,2-diol and butane-2, 3-diol and possibly 
isobutylene glycol). The higher ethylene glycol homologues 
have aroused little or no industrial interest and little 
research has been carried out on them as compared with 
ethylene and propylene glycols and their derivatives. 
1,3-butylene glycol has been suggested as an intermediate 
for the manufacture of butadiene, but this glycol has not 
been made from oil gas butene. By making the chloro- 
hydrins of oil gas butenes both the 1,2- and 2,3-butene 
glycols would result. 

The intermediate products produced in converting 
ethylene and propylene into the corresponding glycols 
have been discussed in the foregoing discussion. The 
advantage in making these glycols from the oxides rather 
than by heating the chlorohydrins with alkali carbonate 
solutions has also been noted. The commercial disposition 
of the by-product polyglycols, obtained by hydrolysing 
ethylene oxide, has apparently been largely solved by the 
use of di-ethylenc glycol in the form of the dinitrate in 
low-freezing dynamite, one of the first industrial applica- 
tions of ethylene glycol itself. 

Up to the present time industrial practice has been 
practically limited to the production of the ethylene series, 
the propylene in the oil gas being converted to isopropyl 
alcohol, acetone, kctenc, and acetic anhydride. 

Ethylene glycol boils at 197-5° C. at 760 mm. and has 
a density of 1*115 at 20° C. The toxic properties of ethy- 
lene glycol have been reviewed by Ellis [29, 1934]. The 
largest use of ethylene glycol, in the United States, is as an 
anti-freeze solution for automobile radiators. Mixtures 
containing 60 to 65 parts of water and 35 to 40 parts of 
the glycol are commonly used; an aqueous mixture con- 
taining 60% ethylene glycol, by volume, freezes at —4° C. 
(-56° F.). 

Another important use of ethylene glycol is in the form 
of the dinitrate, a component of low-freezing nitro- 
glycerol dynamite. The dinitrate has long been known. 
Conditions for its nitration have been given by Rinkenbach 
[60, 1926], who gives its properties as follows: dia 1-5176, 
d\l 1-4962, freezing-point —22-3° C., vapour pressure at 
22° C., 0 0565 mm. Its mixture with nitroglycerol in 
dynamite has been described by Matthews, Strange, and 
Bliss [16, 1931], by Hough [42, 1916], and others. The 
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physiological properties of the dinitrate are similar to 
those of nitro-glycerol. 

The glycol esters of dicarboxylic acids are of interest, 
these products being highly polymerized. Though having 
very high molecular weights most of them are micro- 
crystalline solids [16, 1931]. 

Up to the present time the olefine raw materials used 
for the manufacture of glycols, alcohols, and other 
chemical products have been derived from cracking gas 
oil under high temperature — low-pressure or vapour- 
phase conditions, and as by-products of pressure cracking 
for gasoline. Chemical manufacturers mainly interested in 
the manufacture of chemical products have been active 
in developing cracking conditions to produce a maximum 
of the simple olefines from fuel oils and gas oils, together 
with a minimum of such products as gasoline or motor fuel. 
It is possible that developments along these lines will proceed 
rapidly quite independently of the work being done by oil- 
refining companies in the utilization of refinery by-products. 

Chemical manufacturers are also actively interested in 
new efforts to produce benzene, naphthalene, and other 
aromatic hydrocarbons from petroleum; and the simple 
olefines arc also produced incidental to cracking operations 
of this type. A still more promising source of the simple 
olefines in large quantities is in the cracking of light 
hydrocarbons such as butane and propane from refinery 
gas and natural gas. It is at present not possible to incor- 
porate all of the butane, produced in refinery operations, 
in motor fuel. Propane is normally entirely excluded and 
is commonly rated only at gas fuel value. The large 
quantities of propane and butane available in connexion 
with gasoline recovery from natural gas are actively sought 
as raw material for the production of gasoline by high 
temperature cracking and polymerization. Large quantities 
of gas rich in olefines are at least potentially available in 
operations of this kind. The manufacture on a large scale 
of such organic chemicals as the glycols and related com- 
pounds, alcohols, ketones, acetic acid, acetic anhydride, 
chlorinated solvents such as ethylene dichloride, tri- 
chloro-ethylene, ethyl chloride, olefine oxides, and other 
organic chemicals derived from these basic organic 
chemicals may be expected to increase markedly within 
the next few years. 
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THE CHLORINATION OF METHANE AND ITS HOMOLOGUES 

By Professor H. B. HASS, Ph.D. 

Head, Department of Chemistry, Purdue University 


Introduction 

All the members of the methane series of hydrocarbons 
undergo substitution reactions with the halogens. In the 
case of iodine, the reaction 

a+X* -> C«Ha„,iX+HX 

is reversible, so that significant yields of iodides can be 
obtained only in the presence of a reagent such as iodic 
acic^ which removes the hydriodic acid as it is produced. 
Bromination takes place readily under the influence of light 
and/or high temperatures but is not of technical importance 
at present. Fluorinations have been relatively little studied 
and are apparently difficult to control because of the 
violence of the reaction. On the other hand, the reaction 
of chlorine with hydrocarbons of the methane series has 
been widely investigated, especially with a view towards its 
industrial utilization. The principal factors which caused 
the performance of these researches are (1) the great abun- 
dance and cheapness of the simpler paraffin hydrocarbons, 
especially since the relatively recent application of efficient 
rectification apparatus to natural gas gasoline, (2) the small 
number of the modes of chemical attack to which saturated 
hydrocarbons arc susceptible, (3) the established markets 
for certain of their chlorinated derivatives, and (4) the 
availability of unlimited quantities of cheap chlorine pro- 
duced by the electrolytic alkali and magnesium industries. 
As a result, several successful commercial installations have 
utilized these reactions as the starting-point for a number 
of interesting syntheses. 

Difficulties met with in the Chlorination of 
the Paraffins 

Before discussing in detail the course of the chlorination 
reaction, it may be desirable to call attention to the diffi- 
culties which must be overcome before this substitution 
can be carried out ; one is thus led to a more ready apprecia- 
tion of the devices which have been used to surmount these 
obstacles. 

(1) The reaction is a highly exothermic one. Jones, Alli- 
son, and Meighan [32, 1921] quote data from which have 
been obtained the following approximate figures for the 
heats of reaction of methane and its chlorinated derivatives 
at 400° C. in gaseous phase: 

CH4+CI2 -> CH3CI+HCI I 33 cal. 

CHaCl+Clj-^ CH2CI2+HCI+27 cal, 
CH8Cla+Cl2-> CHaCl-f HCH’34 cal. 

CHCl3+Cl2-> CCI4+HCH 43 cal. 

While these figures are based upon somewhat unreliable 
thermal data, it is apparent that about 30-35 cal. per mole 
of chlorine reacting must be taken care of in the chlorina- 
tion of a paraffin. Incidentally, these data furnish another 
illustration of the absence of a parallelism between reaction 
rates and reaction heats. Pease and Walz [43, 1931] have 
shown that methyl chloride chlorinates at about twice the 
rate of methane, although the heat of reaction is appre- 
ciably less. 

Under conditions of too high concentration of chlorine 

IV 


and/or excessive temperatures, another type of reaction sets 
in, represented by the following equation : 

CH4+2Cl2->C+4HCl+67*8 cal. 

In the chlorination of the homologues of methane, exces- 
sive temperatures give rise to the formation of olefines. 
These olefines are probably formed by reactions of the 
type: 

C.H.2,^iC1^C,H2„+HC1. 

Since the olefines thus formed have boiling-points rather 
close to those of the paraffins used as starting material, 
they arc recycled with the unreacted hydrocarbon and are 
thus converted to dichlorides and chloro-olefines. 

CI 2 C;,Ho„Cl2 

C„U^^ Ch -> C„U^^,CU HCl 

The saturation of an olefine double bond with chlorine 
leads also to an appreciable formation of trichlorides and 
more highly chlorinated material. 

A still further difficulty introduced by the exothermic 
nature of the reaction is the danger of explosion. It has 
been repeatedly observed that very violent and even 
dangerous explosions can be produced by reaction between 
chlorine and saturated hydrocarbons. 

(2) The partially chlorinated derivatives are capable of 
being chlorinated further so that it is impossible to stop 
the reaction sharply at any given point. Thus by-products 
are obtained which arc frequently more or less difficultly 
utilizable as, for example, the ‘amylene dichlorides’ formed 
in the Sharpies Solvents Corporation [2, 1929], chlorina- 
tion of pentanes. 

(3) All of the hydrogen atoms present in a paraffin 
hydrocarbon will be substituted (though not, as a rule, at 
the same rate) so that mixtures of isomeric chlorides are 

, always obtained except in those cases where all positions 
are equivalent such as methane, ethane, and neopentane. 
Usually the different isomers possess different economic 
values; for the production of alcohols and chlorinated sol- 
vents the primary chlorides are generally most valuable. 
Primary chlorides not only resist thermal decomposition 
and hydrolysis by water to a greater extent than the secon- 
dary and particularly the tertiary isomers, but arc usually 
convertible to alcohols in belter yields. The primary alco- 
hols form esters with greater solvent powers for nitrocellu- 
lose (higher dilution ratios) than those derived from the 
secondary isomers and hence are more valuable. A process 
which would yield exclusively primary chlorides with no 
formation of olefines or polychlorides would be ideal, but 
has so far not been devised. 

(4) The corrosive nature of chlorine and of hydrochloric 
acid have introduced engineering difficulties which have 
only rather recently been overcome. 

(5) There is in some cases appreciable difficulty in causing 
the reaction to go to completion so as to prevent free 
chlorine from appearing in the gases leaving the chlorina- 
tor. This is particularly a problem with methane, both 
because it chlorinates at a slower rate than its homologues, 
and because in the chlorination of the homologues the 
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olefine formation referred to above tends to remove traces 
of chlorine which may occur in the reaction products. 

Means which have been adopted for overcoming 
the above Difficulties 

Jones, Allison, and Meighan [32, 1921] were able to 
avoid explosions when using mixtures of methane and 
chlorine well within the explosive limits by passing the 
gaseous mixture into the heated reaction zone very slowly. 
This procedure is probably not applicable technically be- 
cause of the hazard of the presence of considerable quan- 
tities of such mixtures. 

Experiments have shown that the lower explosive limit 
of chlorine in hydrocarbon occurs in the case of propane 
and the butanes at approximately the point where there is 
one chlorine atom present for each carbon atom. Explo- 
sions have been completely avoided by using a concentra- 
tion of hydrocarbons greater than this. In the industrial 
processes of Lacy [35], of Ayres [2, 1929; 3], and of Curme 
[16, 1922] the same means is employed. The use of inert 
diluents has also been advocated in order to temper the 
violence of the reaction, e.g. Pfeifer, Mauthner, and Reit- 
linger [44, 1919], and later, Boswell and McLaughlin [8, 
1929] used nitrogen. While in certain cases, where there is 
no possibility of over-chlorination, such as the chlorination 
of methane to carbon tetrachloride, it may be advantageous 
to use foreign diluents, in general it may be said that the 
best diluent is an excess of the material to be chlorinated. 
By using an excess of hydrocarbon or of insuflaciently 
chlorinated hydrocarbon, one not only avoids the necessity 
of separating a foreign (Uuent from the reaction products 
but the formation of too highly chlorinated material is 
minimized. The yield of over-chlorinated material can be 
suppressed to any desired degree if only a small percentage 
of the material to be chlorinated is allowed to react at each 
pass through the chlorinator. 

An economic balance must be struck between the ad- 
vantages of the higher yields of monochlorides which arc 
caused by the lower chlorine concentrations in the reacting 
hydrocarbon and the increased cost of additional recycling. 
Vilien chlorination is achieved thermally, recycling involves 
the expense of heating and cooling large volumes of hydro- 
carbons. In the case of the further thermal chlorination of 
the homologous alkyl chlorides, too many passes through 
the hot reactor may increase the amount of pyrolysis 
unduly so that too much recycling is undesirable from this 
standpoint also. The situation is further complicated, when 
using apparatus of ordinary steel, by the formation of a 
carbonaceous tar which is capable of plugging small tubes 
such as are usually employed in heat exchangers. Even when 
using 3-in. steel pipes it is necessary to suspend operations 
at intervals and clean them out [45]. Tar formation renders 
the use of small tubes impracticable, while rapid cooling of 
the reacted gases is very desirable as a means of diminishing 
pyrolysis. The procedure employed in the Sharpies Sol- 
vents Corporation [2, 1929; 3] process for the chlorination 
of pentanes involves heating the pipes of the chlorinator 
by a naUiral gas flame and cooling the reacted gases by 
means of a condenser composed of relatively large pipes 
over which cooling water is sprayed. The open type of 
condenser is preferred because of the ease of detection and 
repair of leaks which might otherwise result disastrously 
by introducing hydrochloric acid into the cooling water of 
the plant 

Elsewhere the fuel economy incident to the use of a heat 


exchanger has been achieved by employing KA2 chromium- 
nickel steel in the reactor. This alloy is much less of a 
catalyst [53] than ordinal steel for the production of 
olefines and tar, and permits the use of small tubing. 

The use of catalysts or of actinic light lowers the neces- 
sary reaction temperature — in fact photochemical chlorina- 
tion of these hydrocarbons can readily be obtained at 
—80° C. — and thus diminishes the heat requirement of the 
recycling. According to Ayres [2, 1929], catalysts generally 
have the effect of increasing the yield of secondary and of 
tertiary isomers at the expense of the primary chlorides 
which are usually more desirable. Low-temperature chlo- 
rination achieved photochemically also has this effect. 
Obviously, this does not occur in the chlorination of 
methane where no isomers are possible. As already pointed 
out, methane chlorinates more sluggishly than its homo- 
logues, so that the use of catalysts is more imperative in 
this case. 

Even when operating at high hydrocarbon-chlorine 
ratios there is danger of ignition at the point at which 
chlorine is introduced to the hydrocarbon stream, where 
its concentration is ver,' high. Large quantities of soot 
may thus form which soon plug the apparatus and result 
in failure of the process. Lacy [35] avoided this difficulty 
by preheating 10 volumes of methane to 370° C., which is 
considerably above the temperature at which reaction 
begins, and mixing this with a cold, preformed mixture of 
5 volumes of methane and 1 of chlorine. This procedure 
also renders the process self-supporting thermally and thus 
makes possible the use of a reactor lined with silica brick 
and avoids the necessity of contacting the chlorine or 
chlorides with heated metals. Ayres [2, 1929; 3] pointed 
out that ignition is impossible at the point of entry of the 
chlorine if the velocity of the entering chlorine stream is in 
the neighbourhood of a mile per minute and if both 
chlorine and hydrocarbon arc at comparatively low tem- 
peratures. Lunt [36, 1932] recommends a pressure drop of 
1*4 to 24 atm. at the point of introducing both pentane 
vapour and chlorine to a common mixing chamber. This 
would result in jet velocities considerably above those used 
by Ayres. McBee, working in this laboratory, has found 
it possible to introduce chlorine even into very hot hydro- 
carbon vapour (above 600° C.) without soot formation by 
using a jet through which the chlorine flows at velocities 
of the order of 50-100 miles per minute. 

The formation of olefines occurs to a greater or less 
extent in any chlorination of methane homologues, thermal, 
catalytic, or photochemical, which takes place at tempera- 
tures above those at which the chlorides decompose. The 
tertiary chlorides are the worst offenders in this respect, 
while the primary isomers arc most stable. Many chlorina- 
tion catalysts promote the loss of hydrogen chloride from 
the mono- and polychlorides; iron, for instance, has this 
effect. In order to diminish this pyrolysis it is necessary 
to prevent even momentary excessive temperatures — and 
here again dilution with an excess of material to be 
chlorinated plays an important role — and to cool the pro- 
ducts of the reaction as quickly as possible. A study of 
the pyrolysis of 1-chloro butane and of 2-chlorobutanc by 
Weston and Hass [57, 1932] at 200-700° C. showed much 
lower pyrolysis rates than those observed in the chlorina- 
tion of butane within the same temperature range by Hass 
and McBee [27, 1934]. This fact tods an explanation in 
the exothermic nature of the chlorination reaction which 
probably results in the formation of free radicals. 

The often-observed inhibition of chlorination reactions 



2789 


THE CHLORINATION OF METHANE AND ITS HOMOLOGUES 


[37, 1906] in the presence of free oxygen was interpreted 
by Pease and Walz [43, 1931] to indicate a chain mechan- 
ism. By analogy with the hydrogen-chlorine reaction one 
may postulate the following mechanism: 

(1) Cl* ^ 2C1 

(2) RH+C1->R+HC1 

(3) R+Cl2->RCH-Cl. 

The function of heat, light, or catalysts, according to this 
theory, would be principally to initiate chains by producing 
chlorine atoms or free organic radicals. A sin^e quantum 
of light can, by decomposing a chlorine molecule into two 
chlorine atoms, initiate a reaction chain which accounts 
for the chlorination of an indefinitely large number of 
hydrocarbon molecules. Deanesly [19, 1934] has shown 
that this reaction may be markedly accelerated, especially 
in the absence of oxygen, by the presence of a small 
quantity of olefine in the material being chlorinated sub- 
stitutively. The unsaturated compound is apparently able 
to initiate reaction chains when it undergoes addition with 
chlorine. 

According to Pease and Walz [43, 1931], the thermal 
chlorination of methane is a homogeneous reaction. We 
have observed, however, that the chlorination of the homo- 
logues of methane proceeds very slowly until the glass 
surface of the reaction vessel is coated with a thin film of 
carbonaceous deposit. In one experiment chlorine and iso- 
butane were separately preheated to 500° C. and mixed at 
the centre of a bulb the walls of which were kept at 200° C. 
so that the carbonaceous deposit did not form. No appre- 
ciable chlorination resulted, although exploration with a 
protected thermocouple and with a thermometer showed 
a large proponion of the contents of the bulb to be at or 
above the temperature at which chlorination normally 
occurs. Perhaps in a thermal chlorination the reaction 
chains arc initiated at the carbonaceous deposit on the wall 
of the reactor and thereafter proceed homogeneously 
through the mass of reacting gases. Yuster and Reyerson 
have recently presented data on the chlorination of propane 
[60, 1935] which led them to the same conclusion. Since 
the pyrolysis to form olefines has been shown to be a 
homogeneous rather than a heterogeneous reaction [57, 
1932], this indicates the desirability of a large wall con- 
tact surface within the reactor relative to its volume, 
such as has been used by Curme [16, 1922], Mason and 
Wheeler [40, 1931], and many others. The effect should 
be to accelerate the chlorination at a given temperature 
without accelerating the pyrolysis and thus to permit a 
reduction of the exposure time and/or of the reaction 
temperature. 

The corrosive effects of chlorine and of hydrogen chloride 
are most evident in the presence of water and can be largely 
overcome by keeping the system dry. This procedure has 
been used by Curme in the chlorination of methane, and 
by Ayres [2, 1929; 3] in the Sharpies Solvents Corporation 
chlorination of pentanes. Water is appreciably soluble in 
saturated hydrocarbons and, as would be expected, the 
addition of hydrogen chloride, with the production of the 
highly polar hydrochloric acid, diminishes greatly its solu- 
bility in the non-polar hydrocarbons. As a result, con- 
centrated hydrochloric acid would be deposited at various 
places in the plant. Ayres [4, 1931] avoids this difficulty 
by saturating the pentane with dry hydrogen chloride 
before it enters the chlorination unit and draining off the 
lower layer of hydrochloric acid which separates by 
gravity. 


Generalizations concerning the Chlorination of 
the Homologues of Meffiane 

The following critical survey is made in the hope that it 
will prove to be of value to other workers in the field. 

Rule L Carbon skeleton rearrangements do not occur 
during the chlorination of the simpler paraffins if pyrolysis 
temperatures are avoided. All of the isomers derivable 
without such rearrangement are always formed [27^, 1935]. 

Perhaps the only remarkable thing about Rule 1 is that 
it has been so often contradicted. Schorlemmer [47, 1868- 
70] obtained only l-chloropropane in the monochloride 
fraction resulting from reaction of an equimolar mixture 
of propane and chlorine at room temperature in sunlight. 

A more careful repetition of his experiment with the use 
of modern rectification equipment shows that under these 
conditions one obtains a ratio of about 60% 2-chloro- 
propane:40% l-chloropropane. More recent work by 
Mason and Wheeler [41, 1931] indicates that both mono- 
chlorides are obtained in the thermal chlorination of pro- 
pane. In rectifying these monochlorides, 2-chloropropanc 
(b.p. 34*7° C.) predominates in the first fraction, while 

1- chloropropane (b.p. 46-6° C.) occurs chiefly in the later 
one. Mason and Wheeler found that ‘the first fraction was 
usually larger than the second, suggesting that more of the 
/f- than of the /5^?-compound was formed’. Obviously, if 
we assume reasonably efficient rectification, exactly the 
reverse is shown by their results. 

Butlerov [10, 1867] reported only tertiary butyl chloride 
and a dichloride boiling at about 105° C., which was chiefly 
1 ,2-dichloroisobutane, in the photochemical chlorination of 
isobutane. Apparently there was no primary substitution 
until after the tertiary hydrogen atom had reacted. Actu- 
ally, under these conditions one obtains 38% tertiary butyl 
chloride and 62% isobutyl chloride. Mabery and Hudson 
[38, 1897] chlorinated nearly pure n-butane (b.p. —2 to 
-f2° C.) and report only one monochloride, which boiled 
68-69° C. This actually was 2-chlorobutane (b.p. 68 *25° C.), 
but Mabery and Hudson decided that it was 1-chloro- 
isobutane (b.p. 68*85° C.). To credit Mabery and Hudson’s 
identification one must postulate a carbon skeleton re- 
arrangement; let us consider this possibility. Mabery and 
Hudson’s dichloride fraction boiled at 121-122° C. The 
three dichlorides derivable from isobutyl chloride (or iso- 
butane) have the following boiling-points: 1,1-dichloroiso- 
butane, 105-106° C; 1,2-, 107° C.; 1,3-, 136*0° C. A 
suitable mixture of 1 ,2-dichlorobutane (b.p. 124°C.) and 
dl 2,3-dichlorobutane (b.p. 119*5° C.), l^th of which are 
actually formed in the chlorination of n-butane and/or 

2- chlorobutane, would boil largely at 121-122° C. and 
thus account for Mabery and Hudson’s observation. 
Their results are thus explicable only in the absence of 
substantial carbon skeleton rearrangement. Chlorination 
of butane under Mabery and Hudson’s conditions by 
Weston and by McBee has shown no detectable formation 
of 1-chloroisobutane. 

Whitmore and Fleming [24, 1932] reported the produc- 
tion of 6% of tertiary amyl chloride in the chlorination of 
neopentane, but soon found this conclusion to be erroneous 
and corrected it [58, 1933]. The theory of carbon skeleton 
rearrangement is apparently supported by the work of 
Aschan [1, 1920] and of Wertyporoch [56, 1933], both of 
whom chlorinated /i-pcntane and obtained a monochloride 
fraction boiling at about 97° C. As pointed out by Hass 
and Weber [29, 1934], Wertyporoch’s boiling-points, while 
somewhat inconclusive, indicate strongly, when interpreted 
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in the light of correct boiling-point data for the pure 
compounds, that no derivatives of isopentane were present 
in his chlorides obtained from ^j-pentanc. Work by 
Hass and Weber [27, 1935-6] shows conclusively that no 
significant amount of carbon skeleton rearrangement occurs 
in the chlorination of normal- and isopentane. 

Let us return now to the question of isomeric mono- 
chlorides derivable without carbon skeleton rearrangement. 
The fact that Aschan [I, 1920] obtained only t\vo fractions 
in the chlorination of //-pentane, although three isomers 
are possible, has been shown by Weber to be due to the 
fact that the boiling-point of 2-chloropcntane (96-7‘' C.) is 
so close to that of 3-chloropentane (97*3° C.). Analysis of 
this mixture by conversion to the anilides has shown both 
secondary isomers to be present. Both Aschan [1, 1920] 
and Wertyporoch [56, 1933] report all four monochlorides 
derivable from isopentane, but Ayres [2, 1929] and Clark 
[13, 1930] report that 2-chloro-3-methyl butane is not pre- 
sent in the Sharpies Solvents Corporation mixed amyl 
chlorides. The latter statement really means, however, that 
the corresponding alcohol (3-methylbutanol-2) has not 


After the isomeric amyl chlorides had all been synthesized 
in an extremely pure form and their boiling-points redeter- 
mined in this laboratory, it became apparent that 1 -chloro- 
pentane boils at least 8° C. higher than any of its isomers. 
With modem laboratory rectification equipment it is a 
relatively simple matter to separate 1-chloropentane from 
the other amyl chlorides almost quantitatively and to esti- 
mate its concentration in the original mixture. Simul- 
taneously a similar analysis was made of the mixture of 
//- and isopentane used as starting material for the chlorina- 
tion. The pentane and amyl chloride samples were stated 
to be representative of the daily production. The pentanes 
analysed 53% //-pentane, 47% isopentane. If 48% of this 
normal isomer were converted to 1-chloropcntane, there 
would have been 25*44% of 1-chloropentane in the 
mixed amyl chlorides. Actually, the analysis showed 
about 12%. This difference is many times the maximum 
possible experimental error and demonstrates that non- 
selective chlorination is not obtained. The attached 
table shows the agreement between observed and calculated 
isomeric ratios. 


Table I 

Vapour-phase Chlorination of Simple Paraffins at 300^ C. 


Isomeric monochlorides 


1-chloro ' 2-chloro \ S-chtoro 4'chl(tro 


Hydrocarbon 

1 Found 

Calc. 

' Found 

Calc. 

Found 

Calc. 

Found 

Calc 

Propane 

48 

i 48 

1 52 

52 



\ 


2-Mcthylpropanc . 

. : 67 

1 67 

■ 33 

33 





//-Butane 

. , 32 

i 31*6 

i 68 

68*4 

\ 




2-Methylbutane 

33-5 

i 30*7 

1 22 1 

22 

i 28 

32 

16-5 

15-3 

//-Pentane 

. ; 23-8 

23-5 

1 '•s-g 

51 

1 274 

25 5 

1 ■ ■ ’ 



been isolated from ‘Pentasol’, since the analyses have been 
made on the amyl alcohols rather than on the chlorides 
[45], It has never been shown that 2-chloro-3-methyl- 
butane yields the corresponding alcohol under the Sharpies 
hydrolysis conditions or that it would survive the rather 
prolonged contact with the iron tubes in the chlorinator. 
Weber [55, 1935-6] has shown that this chloride is certainly 
formed in the chlorination of isopentane even at tempera- 
tures much higher than those used by Sharpies. 

Rule 1 extends to the polychlorides at least in the cases 
of ethane, propane, butane, and isobutane. 

Rule 2. The hydrogen atoms are always substituted at 
rates which are in the order tertiary > secondary > pri- 
mary. At 300° C. with reaction in vapour phase these relative 
rates are 4*43 : 3*25 : 1*00 [29a, 1936]. 

The only serious contradiction to this statement other 
than the very fragmentary research of Schorlemmer [47, 
1868-70] mentioned above is the one made by Ayres 
[2, 1929] and repeated by Clark [14 1930], to the effect 
that in the Sharpies thermal chlorination of //- and iso- 
pentanes the substitution of all the hydrogen atoms occurs 
at the same rate, so that the composition of the mono- 
chlorides can be approximately calculated from the num- 
ber of hydrogen atoms in the various positions. Thus 
in /i-pentane there are 6 primary hydrogen atoms and 6 
secondary hydrogen atoms, and one would therefore expect 
— ^assuming a ‘non-selective’ chlorination — 50% primary 
and 50% secondary isomers. Ayres and also Clark report 
48% primary and 52% secondary chlorides, a very good 
agreement. As pointed out above, however, neither Ayres 
nor Clark had attempted an analysis of the chlorides of the 
pentanes until they had first been converted to alcohols. 


Rule 3. At increasing temperatures there is increasingly 
close approach to relative rates of 1 : 1 : 1 in both liquid 
and vapour phase. 

This ratio for isobutanc is 90% primary : 10% tertiary. 
At — 65°C. (chlorinating photochemically) one obtains 
55% tertiary, at H 65° C. the yield is 38% tertiary, and at 
450° C. about 20% tertiary. The effect at lower tempera- 
tures, where no olefine formation occurs, is not complicated 
by selective pyrolysis, but when operating at high tem- 
peratures one can easily confuse a selective pyrolysis of 
secondary and/or tertiary isomers with a non-selective 
chlorination. When pyrolysis becomes appreciable, (1) the 
organic chlorine fails to balance the chlorine present as 
hydrochloric acid, (2) olefines appear in the recovered 
hydrocarbon, and (3) especially if recycling is used, chloro- 
olefines appear in the organic chloride fractions. In an 
experiment on isobutane using a small steel tube at 450° C. 
without recycling, a yield of isobutyl chloride was obtained 
amounting to 99% of the monochloride fraction. This 
might be taken to indicate that iron is a catalyst favouring 
primary substitution, were it not that excess hydrochloric 
acid and olefine formation indicated that the usual per- 
centage of tertiary chloride had been formed and subse- 
quently decomposed. Similar results have been obtained 
with propane, //-butane, and the pentanes. At very high 
temperatures even in glass apparatus yields of primary 
chlorides can be obtained equal to or exceeding those 
calculated on the basis of non-selective chlorination — but 
always accompanied with excess hydrochloric acid and 
olefine formation sufficient to account for the result. 

Rule 4. Liquid-phase chlorination gives relative rates of 
tertiary, secondary, and primary substitution which arc 
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obtainable only at much higher temperatures in the vapour 
phase. 

This observation has been confirmed in this laboratory 
with propane, isobutane, pentane, and other hydrocarbons. 
The fact that a given temperature change produces a much 
greater effect upon the isomeric ratios in liquid-phase than 
in vapour-phase reaction may indicate different reaction 
mechanisms in the two cases. 

Rule 5. The presence or absence of the following factors 
does not affect appreciably the relative rates of tertiary, 
secondary, and primary substitution: («) moisture, (b) car- 
bon surfaces, (c) light. 

These results seem to indicate that the reaction mechan- 
ism is the same whether the chains are initiated by some 
catalytic effect at the carbon surfaces, by the dissociation 
of chlorine molecules by absorption of photons, or by 
simple thermal dissociation of chlorine molecules, and that 
water does not play any essential role in the system. 

Rule d. Excessive temperatures and/or reaction times 
result in appreciable pyrolysis of the chlorides in the order 
tertiary > secondary > primary. 

This has already been commented on in connexion with 
the discussion of Rule 1 . 

Rule 7. If a molar excess of hydrocarbon is used and 
chlorination conditions are maintained constant, the yield 
of monochlorides versus polychlorides may be obtained 
from the equation X ^ KY, where X is the weight-ratio 
of monochlorides over polychlorides, Y is the ratio of 
moles of hydrocarbon over moles of chlorine in the inlet 
gases, and is a constant peculiar to each hydrocarbon. 

In applying Rule 7 it is assumed that conditions are 
chosen such that pyrolysis is substantially avoided and all 
of the chlorine is caused to react. 

Rule S. Dichlorination proceeds by two mechanisms, 
(1 ) loss of hydrogen chloride followed by addition of chlorine 
to the resulting olehnc, and (2) progressive substitution. 
Slow, thermal chlorination favours (1) while with rapid, 
single-pass thermal reaction or low-temperature photo- 
chemical conditions (1) is substantially eliminated. 

Rule 9. In vapour-phase chlorination the presence of 
a chlorine atom (as compared to a methyl group) on a 
carbon atom tends to hinder further reaction upon that 
carbon atom during the second substitution. 

Relatively small quantities of dichlorides are obtained 
which contain two chlorine atoms attached to the same 
carbon atom. These observations have been checked by 
Ayres, Dr. E. C. Britton and his collaborators of the Dow 
Chemical Company, by Muskat and Northrop [42, 1930], 
and also by the writer and by Mr. A. O. Rogers, and are 
known to hold for the pentanes, propane, isobutane, 
and /i-butane. Halogen atoms arc considered to be 
highly ‘negative’ and the presence of a negative group 
usually activates the other atoms or groups attached to the 
same carbon atom. Other negative groups, such as phenyl 
or carboxyl, activate hydrogen atoms for chlorination. 
Thus there is in the case of ethylbenzene a strong tendency 
to chlorinate in the alpha position, only about 10% sub- 
stituting in the beta position at room temperature and 
about 45% at 500° C., whereas a non-sclective chlorination 
would require a yield of 60% beta phenethyl chloride. 

Perhaps the situation here is complicated by intramole- 
cular rearrangement subsequent to dichlorination, possibly 
the chlorine docs not behave as a negative group in this 
case. One is reminded of Conant’s remark [14, 1932]: ‘The 
fascinating art of organic chemistry will yield only slowly 
to the devastating inroads of an exact science.’ 


Rule 10, Herzfelder’s Rule (stated in 1893), ‘When into 
a monohalogen compound a second halogen is introduced 
it always attaches itself to that carbon atom which is 
situated next to the carbon atom already united with halo- 
gen’, does not apply to chlorinations and must be replaced 
in this field by Rules 1 and 9. 

Commercial Applications of the Chlorination of 
Methane and its Homologues 

So far as is known to the writer, no one is at present 
chlorinating methane commercially. Roessler and Hass- 
lacher had a plant at South Charleston, W. Va., just after 
the war for the chlorination of methane by the Lacy pro- 
cess. The methyl chloride was hydrolysed to methanol. It 
is understood that the operation was terminated because 
of the drop in the price of methanol. 

The recent demand for ethyl chloride in the preparation 
of lead tetraethyl has been met by synthesis from the 
alcohol rather than from ethane [46]. 

The supposed commercial chlorination of propane in 
liquid phase dissolved in carbon tetrachloride or propylene 
dichloride mentioned by Ellis [16] is in fact a chlorination 
of propylene rather than of propane. 

The recent discovery of the anaesthetic value of cyclo- 
propane has resulted in the synthesis of that hydrocarbon 
in this laboratory from 1,3-dichloropropane which is ob- 
tained by the dichlorination of propane. The dichloride is 
treated with sodium, magnesium, or zinc. The new syn- 
thesis has recently operated successfully on a plant scale 
and has resulted in what is believed to be the first com- 
mercial chlorination of propane [296, 1936]. 

While w-butane has not been chlorinated commercially, 
so far as is known to the writer, some interest is being 
exhibited in this reaction. On the other hand, the industrial 
chlorination of isobutane was accomplished in 1932-3 by 
the Dow Chemical Company at Midland, Michigan. The 
isobutyl chloride from the chlorination was separated from 
the tertiary isomer and rearranged to tertiary butyl chloride. 
The combined tertiary butyl chlorides are used to synthesize 
tertiary butylphenol, used in the production of tertiary 
butylphcnol-formaldchyde resins [52]. These resins mix with 
drying oils to form water-resistant varnishes said to possess 
very superior properties. As a by-product of this chlorina- 
tion, 1,2-dichloroisobutane containing some of the 1,1 
isomer has been placed upon the market to a limited 
extent. Rather exhaustive tests initiated at Purdue have 
indicated that another product of this chlorination, 1,3- 
dichloroisobutane, possesses extraordinary value as a 
dry-cleaning agent. 

Undoubtedly the most important technical development 
in this field has been the remarkable series of syntheses 
growing out of the chlorination of the pentanes. This 
chlorination was pioneered by Brooks, Essex, and Smith 
[9, 1916], and by Koch and Stallkamp [33, 1927; 34, 1932], 
but has reached full-scale development at the plant of the 
Sharpies Solvents Corporation now located at Wyandotte, 
Michigan. The pentanes are first chlorinated thermally and 
the monochlorides, after rectification, are treated with a 
mixture of sodium oleate and aqueous caustic soda at 
170° C. The sodium oleate aids the conversion both by 
emulsifying the two immiscible layers, thus assisting the 
direct hydrolysis by water of the secondary and tertiary 
chlorides, and by undergoing metathesis with the primary 
and secondary amyl chlorides, forming the easily saponified 
amyl oleates. The amyl alcohols are converted to acetates 
by the usual methods and sold as a high-boiling solvent 
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for nitrocellulose lacquers. The olefines formed as by- 
products of the hydrolysis are hydrated by means of sul- 
phuric acid to form secondary and tertiary alcohols. 
Trimethylethylene is also converted to tertiary amylphenol. 
Less important but interesting products [12, 1933] are 
diamyl ether, amyl sulphides, amyl mercaptans, used as an 
odorant in domestic gases, amyl lactate, a high-boiling 
lacquer solvent, and diamyl phthalate, a lacquer plasticizer. 

TTie methane homologues higher than the pentanes are 
difficult to obtain in pure form, and their chlorination has 
been relatively little studied with the exception of a con- 
siderable amount of work on paraffin wax. The thermal 
mono-chlorination of molten paraffin followed by Friedel- 


Crafts condensation of the monochlorides with naphtha- 
lene yields ‘Paraflow’ [19, 1931]. This material, added in 
quantities of the order of 1 % to a high pour-test lubricating 
stock, may lower the pour-point by as much as 35® F. 

The use of chlorinated waxes as components of flame- 
proof insulating materials has been patented by Ellis [22, 
1917-18], while the production of drying oils by chlorinat- 
ing higher petroleum fractions with subsequent removal of 
hydrogen chloride with formation of double bonds has 
been described by Gardner and Bielouss [25, 1921-2]. The 
use of chlorinated paraffin wax as a solvent for dichlora- 
mine-T has been mentioned by Dakin and Dunham [17, 
1918]. 


Compound 


Chloromcthanc [7] . 
Dichlororaethane [7] 

Trichloromcthane [51] 
Tetrachloromethane [31] . 

Chloroethanc [7] . 

1.1- Dichlorocthane [51] 

1.2- Dichloroethane [51] 

1.1.1- Trichloroethane [7] . 

1.1.2- Trichlorocthane [7] . 

1.1.1.2- Tctrachloroethane [7] 

1.1.2.2- Tctrachlorocthane [50] . 
Pcntachloroethanc [50] 
Hexachloroethane [54] 

1- Chloropropanc [6] 

2- Chloropropane [51] 

1.1- Dichloropropanc [28] . 

1.2- Dichloropropane [7] [21] 

1.3- Dichloropropanc [28] [48] . 

2,2-Dichloropropane [51] . 

1.1.1- Trichloropropane [7] 

1.1.2- Trichloropropanc [7] 

1.1.3- Trichloropropane [7] 

1.2.2- Trichloropropanc [7] [28] . 

1.2.3- Trichloropropane [7] 

1.1.1.2- Tctrachloropropane [7] . 

1.1.1.3- Tctrachloropropane [7] . 

1.1.2.2- Tctrachloropropanc [7] . 

1.1.2.3- Tctrachloropropanc [7] , 

1.2.2.3- Telrachloropropanc [7] . 

1.1.1.2.3- Pentachloropropane [7] 

1.1.2.3.3- Pcntachloropropanc [7] 

1.1.1 .2.3.3- Hexachloropropane [7] 

1 .1 .2.2.3.3- Hexachloropropane [7] 

1 .1 .1 .2.2.3.3- Hcptachloropropane [7] 

1.1.1.2.3.3.3- Hcptachloropropanc [7] 
Octochloropropane [7] 

1- Chlorobutane [51] 

2- Chlorobutane [51] 

1- Chloro-2-methylpropane [51] . 

2- Chloro-2-incthylpropane [51] . 

1.1- Dichlorobutane [7] 

1.2- Dichlorobutane [20] 

1.3- Dichlorobutane [7] 

1.4- Dichlorobutane [29] 

2.2- Dichlorobutane [7] 

2.3- Dichlorobutane (d 1 ) [26] 

1 , 1 -Dichloro-2-methylpropanc [39] 

1.2- Dich]oro-2-methyIpropane [39] 

1 .3- Dichloro-2-methylpropane [39] 

1.2.3- Trichlorobutane [7] . 


Table II 

Data on Chloro Compounds 


Boiling-point 

Melting-point 

Density 

Index of refraction 

-24 09 

-91-5 

0-91969 at 17-9° C. 


/401 [21a] 

(41-6 

-96-7 

1-3222 at 20° C. 

1-4237 at’iJ 

61-2 

-63-5 

1-49845 at 15° C. 

1-44858 at 5? 

76-75 

-22-95 

1-60370 at 15° C. 

1-46305 at iJ 

1 12-2 t 21 a] 

\131 

-138-7 

0-91708 6/6 


57-3 

- 96-6 

1-1835 at 15^ C. 

1-41975 at 1? 

83-50 

-35-5 

1-26000 at 15° C. 

1-44759 at 1? 

74-1 


1-32491 26/4 

1-419861 at y 

113-722 

-36-7 

1-443 at 20° C. 

1-4711 at ir 

130-49 


1-588 at 20° C. 

1-479 at 

146-2 

-43-8 

1-60255 at 15" C. | 

1-49678 at 'i? 

162-0 

-290 

1-68813 at 15 C. ! 

1-50542 at 

185 1 

185 

2-091 at 


46-6 at 770 mm. ! 

122-8 

0-89694 at 15° C. 

1-39142 at 

34-8 1 

- 117-0 

0-86797 at 15 C. | 

1-38110 at U 

89-6 1 


1-143 at 10" C. 

1-4320 at iS; 

96-8 ! 


1-1656 at 14° C. 1 

1-4388 

120-4 j 

-99-5 

1-201 at 15° C. i 

1-4499 

70-5 1 

-34-4 

1 07767 at 15" C. ! 

1-41793 at if. 

145-150 1 


1-417 at 15° C. 

/ 140 I21a] ! 

(137 ! 


1-372 at 25° C. 


148 


1-362 at 15° C. 


123-0 


1-318 at 25° C. 

1-4630 

156 

-14-7 

1-417 at 15" C. 1 


152-153 

-65 

1-473 at 20" C. j 

1-4867 

153 ■■ 1 


1 1-47 at 13° C. 


179-180 at 756 mm. ! 


1-521 at 15" C. 


1 164 I 


1-496 at 17° C. 


1 179-180 

198-200 


1-6086 at V 

1-5131 at 

216 


1-6980 at V 

1-5250 at 'J 

218-5 


1-7137 at '■>* 

1-5262 at 'J 

164 at 90 mm. 

29-4 

1-8048 at V 


249 

11-11-5 

1-7921 at V 

1-5427 at 

268-269 at 734 mm. 

160 



78-5 

-123-1 

0-89197 at ' 4 “ 

1-40499 at Ji’yeno. 

68-25 

-131-3 

0-87880 at 15° C. 

1-39940 at i? 

68-85 

-131-2 

0-88290 

1-40096 at 

50-7 at 760 mm. 
113-115 

121-122 at 725 mm. 
134 

155 0 at 760 mm. 

— 27-1° atm. press. 

0-82935 at ’f 

1-38689 at 


95-97 

-74 


1-4295 at 'i? 

^ 119-5 


1-1051 at 25" C. 

1-4458 aty 

103-105 


1-0111 at 12° C. 

P 

107 


1-094 at 20° C. 


136-0 

-62-3 

1-13 at 20° C. 


79-80 at 32 mm. j 


1-3241 

i 
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Table II (cont.) 


Compound 




Boiling-point j 

Melting-point 

Density 

Index of refraction 

1 ,2,2,3-Tetrachlorobutane [7] 




85 at 10 mm. 


.. 

, , 

1 ,2,3,3-Tetrachlorobutane [11] . 




55-57 at 10 mm. 


1-4204 

1-4958 

1,2,3,4-Tetrachlorobutane [7] 




130-140 at 50 mm. 

72-5-73 


, , 

1,2,3,3,4-Pcntachlorobutane [11] 




85 at 10 mm. 


1-5543 

1-5157 

1-Chloropcntane [37] 




108-35 

-99 

0-88657 at 

1-41192 at 

2-Chloropentanc [7] [55] . 




96-6-96-8 


0-891 at 21° C. 

1-4062 at '?,® 

3-Chloropentanc [26] 




97-2 [55] 


0-8967 at 14-5° C. 

1-4163 at *£» 

l-Chloro-2-methylbutane [1] 




99-9 [55] 


0-8812 

. . 

2-Chloro-2-methy [butane [1] 




85-5-85-8 

-72-9 

0-8692 at 15° C. 

1-407 at 

l-Chloro-3-methylbutane [1] 




98-8 [55] 


0-8928 at 0° C. 

1-41118 at ‘d® 

2-Chloro-3-methylbutane [31] 




93-0 


0-8752 at }S 

1-4095 at ^ 

1 -Chloro-2,2-dimethyIpropanc [58] 




84-4 

-20T1®C. 

0-866 at 

1-4042 at’^ 

1,4-Dichloropentane [7] 




59-«l at 17 mm. 



. , 

1,5-Dichloropentane [48] . 




182-3 at 760 mm. 

-72-8 

1-10158 at’/ 

1-46161 He yellow 

2,2-Dichloropentanc [5] 




128-129 


1-04 at 20° C. 

1-434 at 

2,3-Dichloropcntane [7] 




138-139 



, , 

2,4-Dichloropentane [6] 




! 147-150 


1-063 at 18° C. 

1-477 at’,? 

l,4-DichIoro-2-mcthylbutane [7] 




170-172 




2,3-Dichloro-2-methylbutane [7] 




i 130-135 


1-068 at '/ 

1-445 at',? 

2,4-Dichloro-2-methylbutane [7] 




i 152-154 


1-0654 at^/ 


3,3-Dichloro-2-methylbutane [31] 




1 145 


1-065 at“/ 


3,4-Dichloro-2-methylbutane [7] 




i 143-145 


1-0923 at 

i 

4,4-Dichloro-2-methylbutane [7] 




; 130 


1-05 at24°C. 

1 

2,3,3-Trichloro-2-methylbutanc [5] 




1 176 


1-215 at'/ 

j 1-472 at 1} 

Tetrachloro-2-methylbutane [7] 

• 



220-225 


1-427 at 10° C. 


l,3,2,*2*'“Tetrachloro-2,2-dimethyIpropane 

[7] 


1 10 at 12 mm. 

97® C. 


1 . . 

3,3,4,4,4-Pentachloro-2-methylbutane [7] 



i 235-240 



i 

1-Chlorohcxanc [7] . 




1 134-135 at 760 mm. 


0-87551 at 

I 1-41944 at “d® 

2-Chlorohexane [7] . 




1 122-5 at 754 mm. 


0-8694 at '/ 

' 1-4142 at "},* 

2-Chloro-2-mcthylpentane [7] 




110-113 


0-8678 at '/ 

i 1-41476 at i? 

3-Chloro-3-methylpcntane [7] 




116® C. 


0-8893 at ’/ 

j 1-42315 at ’?>' 

5-Chloro-2'methylpcntane [7] . 




‘ 125-126 at 761 mm. 


! 

i • • 

l-Chloro-2,3-dimethylbutane [7] 




i ^22 


1 0-8943 at 14° C. 

' . . 

2-Chloro-2,3-dimcthylbutane [7] 




112-1 

-10-4 

1 0-8749 at 20° C. 

1 

3-Chloro-2,2-dimethylbutanc [6] 




; 113-114 


' , , 


1,2-Dichlorohexanc [7] 




; 172-174 


1-085 at 15° C. 

, , 

1,5-Dichlorohcxanc [7] 




! 74-8 at 10 mm. 


1 


1,6-Dichlorohexanc [7] 




203-205 


1 


2,3-Dichlorohexane [7] 




1 162-165 


1 1-0527 

, , 

2,5-Dichlorohexane [7] 
3,3-Dichloro-2,2-dimethylbutanc [7] 




1 170-180 

1 

1 151 

1 

1 


1,2,3,4,5,6-Hexachlorohexanc [7] 




180-185 at 30 mm. 

j 137-5 

i 
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CHEMICALS DERIVED FROM PENTANES 

By CHAS. ALLEN THOMAS, A.B., D.Sc. 

Director of Research, Thomas and Hochwalt Laboratories, Research Division, Monsanto Chemical Company, 


Practically all natural gas gasolines contain varying 
amounts of pentanes. Examinations of samples from many 
localities, including Texas, Oklahoma, Kansas, Kentucky, 
Ohio, and West Virginia, have revealed the presence of 
pentanes in substantial proportions. There exist three pen- 
tanes, namely, 

CH3CH2CH2CH2CH3 b.p. 36 15^ C. 

/i-Pentane 

CH3 

^HCHjCH, b.p. 27 95° C. 

CH3 

Isopentane 

CHj 

I 

CH3-C-CH, b.p. 9 5° C. 

I 

CH3 

Ncopentane 

The natural gasolines usually contain from 20 to 40% of 
/j- and isopentanes, which usually occur in equal propor- 
tions, but not more than doubtful traces of neopentane. 
Therefore, below the boiling-point of isopentane (27-95'' C.) 
the only saturated hydrocarbon found is w-butane boiling 
at 0-6° C. Above the boiling-point of /i-pentanc (36-15° C.) 
the next saturated chain hydrocarbon is trimethyl-cthyl- 
methanc, boiling at 49-7° C, Natural gas gasolines generally 
contain no unsaturated chain hydrocarbons or cyclic com- 
pounds boiling below the hexanes. 

It is therefore evident that the recovery of a compara- 
tively pure mixture of n- and isopentane by fractional 
distillation is relatively simple, and this mixture can be 
obtained in abundance as a raw material for commercial 
syntheses. Paraffin hydrocarbons of this type are too stable 
to enter directly into chemical syntheses. To make them 
sufficiently reactive, there are, at the present time, three 
main avenues of approach : 

(1) Pyrolysis: splitting out some of the hydrogen to form 
olefines ; 

(2) Oxidation: formation of aldehydes, ketones, acids, 
and alcohols; and 

(3) Chlorination : employing the resulting chlorides as 
intermediates. 

This article will deal only with chlorination of pentane and 
some subsequent derivatives of the resulting amyl chlorides. 

Chlorination of aliphatic hydrocarbons fills a volumi- 
nous part of chemical literature which has been amply 
reviewed by Egloff, Schaad, and Lowry [4, 1931], and 
Carleton Ellis in his book. The Chemistry of Petroleum 
Derivatives [5, 1934]. The general methods used for 
chlorination of hydrocarbons are as follows: 

(1) Photochemical. 

(2) Thermal. 

(3) Catal^^ic. 

(4) Reaction with chemical compounds which liberate 
chlorine. 

(5) Silent electric discharges, and 

(6) Various combinations of the above. 


In the Sharpies plant at Wyandotte, Michigan, a mixture 
of n- and isopentane is chlorinated in the vapour phase in 
total darkness and without a catalyst. The present plant 
is capable of feeding 22 tons of chlorine per day con- 
tinuously into a 60-mile per hour stream of hot pentane 
vapour. One hundred thousand gallons of pentanes pass 
through the reaction zone every day, but at any given 
moment only 3 gallons of pentanes and not more than 8 oz. 
of free chlorine are in contact in the reaction zone. 

In operating a plant involving chlorination, it must ever 
be borne in mind that for every molecule of aliphatic 
chloride produced, a molecule of hydrogen chloride must 
be successfully removed from the system without undue 
corrosion of the plant equipment. Ayres [I, 1929], Clark 
[3, 1930], and Bohall [2, 1932] have amply described this 
engineering accomplishment. Fractionated pentane is sup- 
plied in tank cars to the plant by natural gasoline refiners. 
This cut boils between 28 and 39° C. and is approximately 
an equal mixture of n- and isopentane. As shown in the 
flow sheet (Fig. 1), this pentane is pumped from storage 
to a mixing tank, to which the pentanes recovered from 
the system arc also added, and the mixture is thoroughly 
dehydrated. The pentanes are then passed through one 
vaporizer while chlorine is passed through another, and the 
two gas streams are combined in a mixing throat from 
which they are led into an externally heated pipe-still. The 
exit gases from the pipe-still pass through another bank of 
pipes which are cooled with spray water and then enter the 
first of four continuous fractionating columns. This first 
column takes overhead only pentanes and hydrochloric 
acid produced in chlorination. The product is returned to 
the mixing tank at the start of the system, while from the 
bottom of the column a mixture of amyl chlorides and 
unchlorinatcd pentane continues to a second continuous 
fractionating column. Here the process is repeated, the 
pentane rich overhead distillate returning to the feed of 
the first column, while the highly chlorinated products pass 
to the third column. Here it is that the amylene dichlorides 
and polychlorides are removed in the still liquor and sent 
to a separate still, while the amyl chlorides are sent to the 
fourth column. From this last column a practically pure 
mixture of amyl chloride is obtained from the bottom of 
the column, while a small amount of residual pentane is 
taken overhead with some amyl chloride, which is subse- 
quently returned to the first still. 

The hydrochloric acid and unchlorinated products taken 
overhead from the first still return to the bottom of the 
mixing tank, and this dry hydrochloric acid bubbling up 
through the pentanes thoroughly dehydrates the pentane. 
The hydrochloric acid formed settles to the bottom of the 
tank where it can be drawn off. Only a very small portion 
of the hydrochloric acid produced is removed in this way, 
the rest being recovered in a continuous system which takes 
the gas from the top of the mixing tank, passes it through 
a condenser to remove most of the pentane, and then 
through a countercurrent absorption system of fused silica 
in which the hydrochloric acid is absorbed in water. The 
exit gas from this absorbing system is thoroughly scrubbed 
with dilute caustic brine liquor which results from hydro- 
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Fig. 1. 


lysis operations described later. 

The Sharpies plant adjoins the 
chlorine-producing plant of the 
Pennsylvania Salt Company, and 
the neutral brine is piped back to 
them for subsequent chlorine 
manufacture. The scrubbed gases 
pass through a condenser, are com- 
pressed, and the liquid pentanes 
are returned to the mixing tank. 

The hydrochloric acid obtained is 
20° Be. and is run from the absorp- 
tion system into storage and sold. 

There are several products syn- 
thesized from the resulting mixture 
of amyl chlorides. The product 
most important in tonnage is amyl 
alcohol, which is subsequently 
acetylated to yield amyl acetate. 

For the production of amyl alcohol 
the mixture of amyl chlorides is 
hydrolysed with a caustic solution 
in the presence of a catalyst. Fig. 2 
is a flow sheet showing how this 
process is carried out in a con- 
tinuous system. A 30% caustic 
solution is fed into the digester of 
the mixed amyl chlorides and the products of the reaction 
are removed from the second digester which is operated 
only partially full. Amyl alcohol, amyl chloride, and amy- 
lene are taken off in vapour form from these digesters, 
condensed, and thoroughly fractionated in a series of con- 
tinuous columns. Amylenes arc one of the by-products of 
this reaction which go into other processes which are dis- 
cussed later. A large part of the amyl alcohols produced 
is acetylated to form amyl acetate. 

One of the most troublesome engineering problems was 
that of corrosion. Originally the equipment was of copper, 
but later was replaced by iron. It has been found that iron 


stands up well as long as the gases are perfectly dry, but 
with a small amount of moisture corrosion from hydro- 
chloric acid is very rapid. Strict care is maintained to keep 
the chlorine entering the plant perfectly dry and the pentane 
thoroughly dehydrated with dry hydrochloric acid before 
entering the mixing tank. 

It is rather difficult to analyse the resulting chlorides, 
because, when subjected to distillation, they readily re- 
arrange and decompose. This probably accounts for the 
divergent reports in the literature of the products obtained. 
Fig. 3 shows the configuration of n- and isopentanes and 
their monochlorides. It is our opinion that by chlorinating 
pentanes in the dark, at high 
temperature, in the vapour phase, 
and continuously, the chlorides 
tend to form according to the 
mathematical laws of probability. 
They may rearrange after being 
formed, but the initial substitution 
of hydrogen by chlorine seems to 
be governed by the laws of proba- 
bility. This is in general agreement 
with the conclusions of Hass [6; 
7, 1934; 8, 1932]. Therefore, if we 
consider the possibilities in the case 
of / 2 -pentane, there are theoretically 
6 chances in 1 2 of forming 1-chloro- 
pentane. In the case of 2-chloro- 
pentane, there are 4 chances out of 
12, or 33i% theoretical probability 
of forming this chloride. In the 
case of isopentane, there are 3 out 
of 12 chances of forming 4-chloro- 
2-methylbutane and a 25% yield 
should be obtained. By the same 
reasoning, there is a 50% chance of 
forming l-chloro-2-methylbutane. 
Similarly, there is ^^2 or I6t%chancc 
of forming 3-chloro-2-mcthyl- 
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butane and ^ or Si% chance of forming 2-chloro-2- 
methylbutane. In actual plant practice the two isomers of 
pentane arc chlorinated together— an equal molecular 
mixture of /i- and isopentane being employed. No attempt 
is made to separate the individual chlorides, and the whole 
is subjected to hydrolysis with sodium hydroxide and an 
oleate emulsifying agent. Due to the formation of amylenes 
which are removed from the system, in both the chlorina- 
tion and hydrolysis steps, it is impossible to give the exact 
yields of the various chlorides. 

It is also very difficult to fractionate the chlorides even 
under vacuum with any degree of accuracy, because of the 
unstability of the secondary and tertiary chlorides and the 
rearrangement taking place. However, several careful frac- 


mercially. The various alcohols from n~ and isopentane 
are given below with their boiling-points. 

From n-Pentane 


Normal butyl carbinol 
Pentanol-1 


Methyl propyl carbinol 
Pentanol-2 


Diethyl carbinol 
Pcntanol-3 


CH.CHjCHaCHjCH^OH 

b.p. 137-9° C. 
sp. gr. 0-817 at 

2074° 

CH5CHOHCH2CH2CH3 

b.p. 119-5° C. 
sp. gr. 0-809 at 

2074° 

CHjCH^CHOHCH.CH, 

b.p. 115-6° C. 
sp. gr. 0-815 at 

2074° 


CH3 CHz CHjCHa 

(A) (0) (C) (B) (K) 

NORMAL PBNTANt B R ■ »4.(5*C 


(a) (^) (0) 

ISO PtNTANt DP-27.95'C 




THCORtTiCAL 


theoretical 

l-CHLOROPENTANt 

B.P - I07*C 

Sl 

(0) 4-CHLORD- 2-METHYL 
DP- lOl-C 

BUTANE 

^ - 25 X 

fe) 

2-CMLOROPENTAMt 

BP- e7‘c. 


(C) l*CMLORO-Z ' methyl 
BP- 99‘C. 

BUTANE 

^ 5or. 

(c) 

3- CHLOROPtNTANt 

5 P - 9«*C 

fk ■ 

(r) 3-CML0RO-2' METHYL 
B.P • ©rc. 

BUTANE 





(g) 2-CHLOHO -Z- MITMYL 
BR • B6 *C 

BUTANE 

Ti * 


S0%CH3CH»CH»CH»CHs + 

(A) (tj (c) (.) (A) 


50? >CH CH» CH, 

WCH/ W (« 


TneORtTICAL ACTUAU 


/A) 

1 - CMLORO - PENTANE. 


7,5% 


(t) 

2 - CHLORO - PENTAN E. 



152% 

(c) 

3-CHLORO - PENTANE 



IB. 6% 

(D) 

4 .-CHLO RO- 2- methyl 

BUTANE 

‘Zii 

Id 

(EJ 

1 -CMLORO - 2-METHYL 

BUTANE. 


\A.S% 

(r) 

3 -CMLORO -a-METMYL 

BUTANE 

Oil 

5.2t 

(G) 

2 -CMLORO - 2-METMYL 

BUTANE 


3 B% 



Fig. 3. 




tionations of the resulting alcohols from the plant have 
been performed. If we assume that the alcohols were de- 
rived from the corresponding chlorides, the actual results 
will compare with the theoretical as shown in Fig. 3. 
There is a good deal of doubt as to the existence of methyl 
isopropyl carbinol; some workers report that there is none 
of this alcohol present, whereas others report 5-2%. This 
chloride may be formed, but possibly it rearranges im- 
mediately to the tertiary chloride, or to amylene. It will be 
noticed that the total amount of primary alcohols in this 
mixture is approximately 57%. As the gap between the 
boiling-point of the high secondary alcohol (1 19-6° C.) and 
the lowest primary alcohol (127-5° C.) is large, there is every 
reason to believe that the 57% value is reasonably correct. 
It is impossible to know exactly the degree with which the 
various isomeric chlorides break down into amylene. We 
cannot assume that all the primary chlorides, being more 
stable, are completely converted into alcohols and that the 
entire amylene formation is a result of breaking down of the 
secondary and tertiary compounds. The best deductions on 
this work assume that 80% of the original primary chlorides 
are converted to the corresponding alcohols, whereas only 
50% of the secondary and tertiary chlorides are converted. 

Since the primary alcohols are the best lacquer solvents, 
they are, at the present writing, more interesting com- 


From Isopentane 


Isobutyl carbinol 
Primary isoamyl alcohol 


Secondary butyl carbinol 
Active amyl alcohol 


Methyl isopropyl carbinol 
Secondary isoamyl alcohol 


CHs 

^CHCH*CH,OH 

CHa 

CHaOH 

NcHCHaCHa 

CH, 


b.p. 1.30-5° C. 
sp. gr. 0-8129 at 
15°/4° C. 


b.p. 128° C. 
sp. gr. 0-8169 at 
20°/4° C. 


CHa 

^CHCH(OH)CH, 

PM 

b.p. 112-9-114° 
113-9° C. 


sp. gr. 0-819 at 
20°/4° C. 


CHa 

^C(OH)CHjCH, 

CH, 

Dimethyl ethyl carbinol b.p. 101-8° C. 

Tertiary amyl alcohol sp. gr. 0-809 at 

20°/4° C. 
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Three of the seven alcohols have asymmetric carbons 
which are indicated by an asterisk (♦). However, the 
synthetic product contains only the racemic form and 
therefore is not optically active. 

The difference in activity of these various amyl alcohols 
is worthy of comment. In general, the most reactive is the 
tertiary, then the secondary, and finally the primary alco- 
hols. However, this reactivity depends mainly on the type 
of reaction to which they are subjected. For example, the 
primary alcohols react vigorously with sodium to yield 
the corresponding alcoholates, the secondary less so, and 
the tertiary scarcely at all. The rate of esterification also 
parallels the reactivity of the alcohols and can be explained 
by assuming that the primary alcohols ionize to RQ“H^ 
and the tertiary alcohols ionize to R+OH“, while the 
secondaries probably give both types of ionization. 

Amyl alcohol is the starting-point in the manufacture of 
various esters which are used as solvents and plasticizers. 
By far the most important of these esters is amyl acetate, 
which is made from a mixture of the various isomeric 
alcohols and acetic acid, and is known to the solvent trade 
as Pentacetate. Because of its comparatively high boiling- 
point it has high blush resistance and good flowing qualities 
which impart a smooth finish to the lacquer film. Tartaric 
acid can be esterified with a mixture of amyl alcohols 
to form diamyl tartrate which boils at 205 to 208'" C. at 
30 mm. This ester, along with amyl stearate and diamyl 
phthalate, is of commercial interest as a plasticizer. 

When a mixture of these isomeric amyl alcohols, known 
to the trade as Pentasol, is treated with potassium hy- 
droxide and carbon bisulphide, potassium amybeanthate is 
formed which is used in the ore-flotation field. 

The mixed amyl chlorides are used as the starting-point 
in the synthesis of other compounds. For instance, when 
treated with potassium cyanide, amyl cyanide, boiling 
between 125 and 155"‘C,, is formed. This cyanide yields 
caproic acid on hydrolysis. These alkyl chlorides enter into 
several Friedel and Crafts reactions, one of which produces 
amylnaphthalene and diamylnaphthalenc. 

One of the most important commercial derivatives of 
amyl chloride is amyl mercaptan, produced by treating 
amyl chloride with sodium hydrogen sulphide. This iso- 
meric mercaptan is a liquid of pronounced disagreeable 
odour having a boiling-point between 100 and \2T C. Its 
use as an odorant in natural gas is increasing. 

As an industry, gas manufacturers have long appreciated 
the value of odour in coal gas and carbonated water gas. 
These odours being inherent in the gas, users quickly learn 
to associate the odour with the gas. Usually people give 
little consideration to the atmosphere surrounding them 
if no unusual or irritating odour is present. Attention is 
quickly attracted, however, to unusual odours, uncomfort- 
able breathing, or eye irritations, for experience has justified 
caution in such cases. 

Natural gas, carburetted propane or butane, as well as 
mixed manufactured and natural gases, are increasingly 
replacing odorous types. The protection of the natural and 
familiar odour is missing. Artificial odour protection is the 
obvious substitute. Amyl mercaptan is the basis of a new 
gas odorant known to the trade as Pentalarm. Very small 
amounts are necessary, 0-7 lb. being sufficient to odorize 
a million cubic feet of natural gas. The Pentalarm is 
metered into the gas main by a special equipment which 
operates by by-passing a controlled proportion of the gas 
around an orifice plate, saturating this by-passed gas with 
Pentalarm, and then returning it to the main gas stream. 


The reduction in gas losses as the result of leaks found 
through odorization is worthy of consideration for, in 
many towns where odorization has continued for a week 
or ten days, street and line leaks have shown up through 
the ground itself. 

Amyl chlorides under proper conditions react with am- 
monia to form amines. The boiling-points of the mono-, 
di-, and triamylamines are sufficiently far apart to permit 
easy separation by distillation. This is not the case with 
the lower aliphatic amines, such as methylamine, where 
the boiling-point of the mono-derivative is higher than that 
of the di, and the tri is about the same as that of the 
mono. The amines offer a convenient starting material for 
a host of interesting syntheses. 

The amines are strong organic bases, a molar solution of 
monoamylamine having a pH of 11-67 compared with 
11-62 for a molar ammonium hydroxide solution. Mono- 
amylamine is completely miscible with water and is a 
powerful organic solvent of about the same order of 
magnitude as pyridine. Diamylamine is only slightly 
soluble in water, while triamylamine is practically in- 
soluble. 

These amines enter into all the typical reactions of 
amines. They can be condensed with aldehydes, ketones, 
and oxides. The hydrogen of monoamylamine and di- 
amylamine is readily replaceable with metallic sodium. 
Monoamylamine reacts with metallic sodium on warming, 
one hydrogen atom being replaced by sodium, giving 
sodium amyl amide. The amines also react with phosgene, 
urea, cyanic acid, thiocyanic acid, and isocyanates to give 
ureas and thio-ureas. Being strong organic bases, the amyl 
amines react readily with fatty acids to form organic soaps. 
These soaps have excellent emulsifying properties, a small 
quantity being capable of causing the suspension of a 
large quantity of oil in water. 

Diamyl nitrosamine, prepared by reacting nitrous acid 
with diamylamine, is a high-boiling liquid which has the 
ability to markedly inhibit the corrosion of metals by 
hydrogen sulphide. 

Other interesting derivatives of the amyl chlorides arc 
those formed by their reaction with benzene, naphthalene, 
aniline, phenylenediamines, diphenylamine, benzylamines, 
phenol, cresols, and other related compounds. It is thus 
possible to prepare a whole series of mixed aliphatic aro- 
matic derivatives which can sei*vc as raw materials for other 
syntheses. 

In hydrolysing the mixed amyl chlorides, some of them 
decompose to form amylenes. Perhaps all of the five pos- 
sible amylencs are formed during this hydrolysis, but here 
again a rearrangement takes place and the two main pro- 
ducts obtained are pentene-2 and trimcthylethylene. It has 
been found that pentenc-2 is the stable configuration for 
the 5-carbon straight chain olefin, and that pentene-1 can 
be rearranged by heat to pcntene-2. Likewise, isopropyl- 
ethylene and unsymmetrical-methylethylethylene appa- 
rently rearrange to the stable configuration of the branched 
chain, trimcthylethylene. This is graphically shown in 
Fig. 4, 

The reactivity of these two olefines is interesting. Pentene- 
2 on hydrolysis with sulphuric acid forms a mixture of 
diethyl and methyl propyl carbinol, with the latter pre- 
dominating. The hydrolysis of trimcthylethylene with 
sulphuric acid gives only tertiary amyl alcohol. With 
hypochlorous acid, pcntene-2 reacts, with the chlorine 
entering the 3 position, while the hydroxyl group goes in 
the 2 position. With trimcthylethylene the hydroxyl group 
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goes on to the tertiary carbon, while the chlorine goes to the 
secondary carbon. The corresponding oxides made from 
these chlorohydrins follow the general rule that the more 
branched the chain the smaller the stability, for the oxide 
from trimethylethylene is less stable than that from pen- 
tene-2. 



CHa. 

JC-CHs-CHa 

CH3/ 


ISO propyl ithylene 


BP*2I*C 


\ 


ON5. METHYL ETHYL ETHYLENE 



BP- 31-32*0 


CH3, 


CHa' 


^ C-CH- CHa 


trjmethyl ethylene 

B P • 37*36*C 


CH3-CH2-CH2-CH=CH2 — - CHa-CHa-CH'CH-CHa 

PENTENC-I PENTENE-2 

DP-yj*-40'C BP-3«‘C 


Fkj. 4. 


The reaction of trimethylethylene with phenol (Fig. 5) in 
the presence of sulphuric acid to make tertiary-amylphenol 
is particularly interesting, as this product is finding con- 
siderable use in the manufacture of oil-soluble phenol- 
formaldehyde-type resins. In the case of trimethylethylene 
it is assumed that the reaction takes place to form an inter- 
mediate (tertiary-amyl phenyl ether) which rearranges 
to form the tertiary-amylphenol. However, this ether has 
never been isolated. In the case of a secondary olefine, such 
as pcntene-2, the ether formed is fairly stable and only with 
heat does it rearrange to form the secondary amylphenol. 


The primary ether has been prepared by reacting w-butyl 
carbinol chloride with sodium phenate, and the resulting 
ether is very stable and rearranges only with drastic treat- 
ment. It is extremely interesting to note that the rearrange- 
ment gives a secondary product rather than /i-amylphenol. 

Para-tertiary-amylphenol is particularly interesting in- 
dustrially because its properties differ so greatly from some 
of those of ordinary phenol. It is not hygroscopic, is 
insoluble in water, and has a melting-point above 82° C. 
It is not as irritating to the skin as phenol and its phenol 
coefficient is approximately 60. When condensed with 
aldehydes it forms oil-soluble resins of the phenol-form- 
aldehyde type as previously mentioned. These resins are 
especially suitable for use in varnishes and have the added 
advantage that they do not discolour on exposure to light. 

When para-tertiary-amylphenol is nitrated, the dinitro 
derivative, in which both nitro groups appear to be in posi- 
tions ortho to the hydroxyl group, is the predominating 
product. This arrangement would be expected since further 
nitration of either ortho- or para-mononitrophenol yields 
2, 4-dinitrophenol and in para-tertiary-amylphenol the 4 
position is already occupied by the amyl group. 

During the chlorination, as descril^d previously, the 
pentanes are always greatly in excess of the chlorine but, 
nevertheless, a small proportion of dichlorides is formed. 
Approximately 60?;, of these dichlorides are produced by 
direct substitution. The presence of the remaining 40% is 
attributed to the decomposition of tertiary chloride to tri- 
methylethylene followed by reaction with more chlorine to 
form the dichloride. Since the resulting mixture does not 
consist entirely of dichlorides with the chlorine atoms 
attached to adjacent carbon atoms, the broad term ‘di- 
chloropcntancs’ is more appropriate than the more specific 
name ‘amylene dichlorides’. 

So many reactions are possible when these compounds 
are heated alone or with water or alkalies that it has been 
difficult to determine all of the constituents of the reaction 
products. High-boiling hydrocarbons with and without 
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chlorine are presumably formed by the polymerization of 
diolefines and unsaturated monochlorides. 

The dichlorides of the pentanes form constant-boiling 
mixtures with water, boiling between 95 and 100° C. These 
mixtures contain about 10 parts dichlorides to 1 part water. 
Distillation of 2, 3-dichIoro-2-methylbutane with water is 
accompanied by the production of considerable hydrogen 
chloride, but 2, 3-dichloropentane can be distilled with 
water substantially without decomposition. However, it is 
subject to the same sort of slow hydrolysis that has been 
observed in carbon tetrachloride. 
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The dichloropentanes are splendid solvents for rubber, 
grease, resins, and bituminous materials. Their compara- 
tively high flash-point (110°F.) greatly reduces the fire 
hazard. Because of their relatively low evaporation rate 
they are useful in paint and varnish removers and for the 
final cleaning of metal surfaces to be electroplated. 

Thus, from the two pentanes (Fig. 6) a large variety of 
commercially important synthetic organic chemicals is 
being produced. Numerous other derivatives of the pen- 
tanes are made and some of these are shown in the ‘ Pentane 
Family Tree’ (Fig. 6). 
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ALCOHOLS 

CATALYTIC PRODUCTION OF ETHYL ALCOHOL FROM 

ETHYLENE 


By R. TAYLOR, MA., B.Sc. 

Chemical Research Laboratory, D.S.I.R. 


When ethylene is passed into concentrated sulphuric acid 
the latter retains the hydrocarbon in the form of ethyl 
sulphuric acid, and on treating with excess of water ethyl 
alcohol is produced and the sulphuric acid set free. The 
alcohol may then be distilled oft' and the acid concentrated 
in order that it may be used afresh for absorbing more 
ethylene: 

C2H4+H2SO4 - CaH 5 HS 04 
C2H6HSO4-I HjO - QHaOH I-H2SO4. 

This cyclic process in which sulphuric acid behaves as a 
catalyst has been known for over a century; a litre of 
alcohol is said to have been made from ethylene in coal 
gas and exhibited at the London Exhibition of 1862 (Payen 
[28, 1863]). It is, however, only within comparatively 
recent years that the process has been applied to the pro- 
duction of ethyl alcohol on a commercial scale. The 
Skinningrove Iron Company (Bury [2, 1919], Tidman [35, 
1921]) developed a method for absorbing ethylene from 
coke-oven gas by 95 % sulphuric acid heated to a tempera- 
ture of 60 to 80° C., in absorption towers which were con- 
structed so as to give a large and even turbulent surface of 
contact between the gas and acid, which contact lasted for 
about 3 minutes. The acid continued to absorb ethylene 
till its strength fell to 77%, when it was diluted with water 
to 64% sulphuric acid and distilled under 26J in. vacuum. 
With an inlet gas containing 1*70% ethylene, 70 to 80% of 
the olefine was removed by the acid. Plant and Sidgwick 
[29, 1921] found that the rate of absorption of ethylene by 
sulphuric acid increased with temperature, but at 100° C. 
considerable decomposition occurred. The rate of forma- 
tion of ethyl sulphuric acid was proportional to the product 
of the concentrations of ethylene and sulphuric acid. When 
the acid had absorbed about 20 % of its weight of ethylene, 
di-ethyl sulphate was formed at a rate proportional to the 
product of the concentrations of ethylene and ethyl sul- 
phuric acid. It was noted, in common with other observers, 
that ethyl sulphuric acid had a beneficial effect in pro- 
moting the absorption of ethylene by the acid solution. 

Lebeau and Damiens [27, 1913] proposed the addition 
of various catalysts to promote the absorption of ethylene 
by sulphuric acid, and Damiens [3] has patented the use 
of cuprous oxide and salts for this purpose. It does not 
appear, however, that the addition of promoters is neces- 
sary for efficient absorption. 

Ethyl alcohol is produced by the Cie B 6 thune (Valette 
[36, 1925]) in a process connected with the synthesis of 
ammonia; the ethylene is separated from coke-oven gas in 
a liquefaction process primarily intended for the produc- 
tion of hydrogen, and the olefine is passed under a pressure 
of about 20 atm. into ethyl sulphuric acid to which sul- 
phuric acid is also added in the required amount. In this 
particular process the ethyl sulphuric acid is decomposed 
by ammonia to give ammonium sulphate and ethyl alcohol. 
The beneficial effect of pressure in obtaining alcohol from 
ethylene by means of sulphuric acid has been demonstrated 
by F. Strahlcr and F. Hachtel [33, 1934], who found that. 


whereas 5 kg. of sulphuric acid was necessary to obtain 1 kg. 
of ethyl alcohol under ordinary pressure, only 2 kg. of acid 
was necessary when ethylene under 15 atm. pressure was 
employed. The optimum temperature of absorption under 
pressure was 70° C. 

The opinion has been expressed in the older literature 
that the cost of concentration of the sulphuric acid con- 
sumed would be too great for the economic manufacture 
of alcohol by the sulphuric acid process, but B. T. Brooks 
[1, 1933] considers that this aspect has been greatly changed 
by the manufacture of cracked gas under efficient controlled 
conditions, the purification of ethylene, the industrial uses 
for other constituents of cracked gas, the advances made 
in the act of concentrating sulphuric acid, and the high 
efficiency attendant upon the formation of large propor- 
tions of di-ethyl sulphate. 

Attempts have been made to produce ethyl alcohol by 
passing ethylene under atmospheric and increased pressures 
into water in the presence of suitable catalysts. Klevcr and 
Glaser [26, 1923] found that the hydration of ethylene at 
100 ° C. under atmospheric pressure in the presence of dilute 
mineral acids was a very slow reaction. In the absence of 
catalysts at 200° C., under 100 atm. pressure, only 0 008 g. 
mol. of ethylene was hydrated per g. mol. of water. Under 
similar conditions of temperature and pressure in the pre- 
sence of 1*93% hydrochloric acid 1 g. mol. of ethylene was 
hydrated for every g. mol. of acid. It was concluded that 
even in the presence of 2 to 3% mineral acid solution the 
rate of hydration was too low to be of any commercial 
importance. 

Swann, Snow, and Keyes [34, 1930] investigated the 
action of ethylene on water under pressures of 600 to 
800 lb. per sq. in. at temperatures varying from 100 to 
200° C., in the presence of 5 to 25% hydrochloric acid, and 
similarly hydriodic acid, also 10 % hydrochloric acid plus 
a small amount of either aluminium chloride, cuprous 
chloride, bismuth chloride, or silver nitrate. The greatest 
concentration of alcohol obtained in any of these experi- 
ments was 0 * 202 %, and practically no hydration occurred 
in the absence of a catalyst. 

Patents have been taken out for such a process, involving, 
for example, the hydration of olefines at 1 50 to 250° C. under 
a pressure of 70 to 200 atm. with water preferably acidulated 
and assisted by surface action (Johannsen and Gross [30]). 

Recently a large number of patents have been granted 
on the catal>lic hydration of ethylene in the vapour phase, 
and it is clearly of both theoretical and practical importance 
that the equilibrium constant should be established for the 
reversible reaction: 

C 2 H 4 +H 2 O (vapour) ^ CjHftOH (vapour). 

This investigation was undertaken by Sanders and Dodge 
[31, 1934], who, in order to obtain a suitable catalyst, first 
studied the decomposition of ethyl alcohol under ordinary 
pressures. The catalysts tested included the oxide, sulphate, 
phosphate, phosphotungstate, silicate and chromate of 
aluminium, the oxide and phosphate of thorium, and tung- 
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Stic acid. Aluminium oxide prepared by dissolving alu- 
minium in caustic soda solution and then precipitating 
with dilute sulphuric acid, and also tungstic acid pressed 
into pellets with 1% powdered graphite, were selected 
as catalysts for the high-pressure synthesis experiments. 
Ethylene under pressure was first passed through a water 
saturator and then led over the catalyst. In certain experi- 
ments alcohol was added to the water in the saturator in 
order to approach the equilibrium from the decomposition 
side. Liquid and gaseous products were collected and 
analysed. In preliminary experiments at 360° C., under 135 
atm. pressure, a considerable amount of oil was produced 
by the polymerization of ethylene, and in order to reduce 
this polymerization the pressure was reduced to 70 atm. in 
subsequent experiments. Eight runs carried out at a space 
velocity of 38 to 86 reciprocal hours, of both synthesis and 
decomposition type, were selected for calculating the equi- 
librium constant at 380° C., and gave an average value 
of 107 X 10“^. This was compared by Sanders and Dodge 
with the predicted value l -4x 10 * from calculation based 
on the free-energy change for the reaction as given by 
Parks and Huffman, and with the value l*5x 10~® based 
on the entropy of ethylene calculated from the low-tem- 
perature data of Eucken and Haucks. The concentration of 
ethyl alcohol obtained in these experiments approached 3 %. 

The equilibrium constant of the vapour-phase hydration 
of ethylene has also been determined by Stanley, Youell, 
and Dymock [32, 1934] by a flow method at atmospheric 
pressure. The catalysts employed, with one exception, con- 
sisted of mixed acid phosphates of manganese and boron 
having the general composition MnO, JB2O3, XH3PO4, 
where x varied from 24 to 3*6. For the experiments at 
145° C., the catalyst consisted of pumice impregnated with 
66% sulphuric acid containing approximately 5% silver 
sulphate. Equilibrium constants of the system 

C2H4-fH20(g) ^ QH 50 H(g) 
are tabulated below. 


Temp. 

From 

synthesis 

From 

\ decomposition 

Mean 

145 

6 - 2 x 10 -* 

7-5x 10-* 

6-3 X 10* 

175 

3-4x10-* 

3-8x 10-* 

3-6x10* 

200 

1-59 X 10-* 

1-70X 10* 

1-65 X 10-* 

225 

1-06x10“* 

1-08x10"* 

1-07x10-* 

250 

6-30x10-* 

7-08x10-* 

6-7x10-* 


From these results Stanley, Youell, and Dymock obtained 
the following equation relating logio Kj, with absolute 
temperature {T) : 

logioA, = (l,845/D-6-395. 

The same authors, in order to compare their results with 
those of Sanders and Dodge, extrapolated their own data 
to 380° C., and obtained for a value of l•06xl0~^ 
which in view of the great difference in the two sets of 
experiments shows a very remarkable agreement. 

Catalysts for the vapour-phase hydration of ethylene 
which are detailed in the patent literature include well- 
recognized dehydrating catalysts, for example, sulphuric 
acid, phosphoric acid, and tungstic acid, as well as such 


substances as caustic soda and potash. The following is 
a list of catalysts contained in patents: sulphuric acid 
[5, 11, 17, 20]; sulphonic acids in aqueous solution [11]; 
phosphoric acid [21, 11, 14, 17]; alkali and alkaline earth 
metaphosphates [15, 18]; pyrophosphates [13]; acid cad- 
mium phosphate [23]; boron phosphate [22, 8]; strontium 
phosphate [24]; metaphosphates of a bivalent metal [25]; 
phosphoric acid, uranium, iron, and cobalt [6]; phosphoric 
acid, copper, and manganese [7]; phosphoric acid and 
oxide of calcium, barium, strontium or magnesium, and 
also boron [10]; thoria [21]; caustic soda or potash [12]; 
chloride of calcium, zinc, or magnesium [16]; borax, 
sodium or potassium molybdate, sodium tungstate, arse- 
nate or vanadate [19]; sodium hydrogen sulphate [4]. 

The Distillers Company, Ltd. [9 and 10] incorporate a 
drying oil such as linseed oil into certain of their catalysts 
during preparation of the actual material and subsequently 
subject the mixture to heat treatment in the presence of 
air. The catalyst is thus obtained in a mechanically stable 
form. Examples in the Distillers Company, Ltd., Patent 
No. 415,426, give the composition of catalysts, working 
conditions, and yields of ethyl alcohol in great detail, and 
the figures tabulated below relate to 100 c.c. of catalyst. 


Example 

Composition of cata- 
lyst {g. mol.) 

Temp. 

^C. 

Pressure 

atm. 

Ethylene water 
vapour 
proportion 

1 

CaO, 10 ;B 2 O 3.0 5; 

280 

20 

2-3/1 


H,PO<, 3-6 



2 

♦» »» 

290 

40 

3-0/1 

3 

BaO, 1 - 0 ;B 203 . 0-5; 

280 

20 

2-3/1 


H 3 PO 4 , 3-6 




4 

>> >> 

290 

40 

3-0/1 

5 

Sr, 1-0; B^Oj. 0-5; 

290 

40 

3-0/1 


HaPO*, 3-6 




6 

MgO, 10; B 3 O 3 , 

280 

30 

• 2-3/1 


0-5; H 3 PO 4 , 3-6 






Space time 

Alcohol pro- 


Conversion 


velocity 

duced {g. per 

Condensate 

ethylene per 

Example 

(recip. hr.) 

hour) 

% alcohol 

passage 

1 

4,000 

10-7 

6-41 

1-15 

2 

12,000 

46-7 

11-30 

1-70 

3 

4,200 

! 7.40 

2-12 


4 

1 12,500 

[ 2 .'i 0 

7-10 


5 

! 1,250 

1 20-7 

5-20 


6 

4,450 

I 4-64 

3-0 



The temperature of reaction given in patents varies for 
the most part from 1 50 to 350° C., and the pressures specified 
are atmospheric or increased pressure. Increasing pressure 
moves the equilibrium in favour of alcohol formation, but 
the tendency of ethylene to polymerize under high pressure 
and temperature conditions brings the probable pressure of 
the hydration process between 1 and 100 atm. 

The catalytic hydration of ethylene in the vapour phase 
offers certain advantages over the sulphuric acid process, 
but while much work has been carried out and numerous 
patents have been granted, the process does not yet appear 
to have reached the manufacturing stage. 


IV 


Be 
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ALCOHOLS AND RELATED PRODUCTS FROM 
PETROLEUM OLEFINES 

By BENJAMIN T. BROOKS and CARLETON ELLIS 


Synthesis of useful materials from petroleum and cracked 
gas has become an important industry during the past 
decade. Built upon the utilization of the bountiful supply 
of raw materials made available by the spread of crack- 
ing processes in gasoline manufacture, the new industry 
has grown primarily through development of improved 
methods of cracking. The separation of chemical indivi- 
duals from refinery waste gases has allowed products to 
be obtained in a high state of purity. Even as cheap a 
solvent as ethyl alcohol fermented from molasses has felt 
competition from the synthetic product from ethylene, 
and numerous other synthetics were never available com- 
mercially before. 

In the following account much of the earlier academic 
work, as well as many of the patents in this field, must be 
omitted. A more detailed survey of the earlier literature 
and patents, up to 1934, has been given by Ellis [19, 1934]. 

Most of the important developments so far undertaken 
in this field have been fitted into existing refinery operations. 
One company producing a series of alcohols and related 
derivatives utilizes the by-product still gases produced by 
a pressure cracking operation. Another company produces 
ethylene glycol and ethyl alcohol from the by-product gas 
of a vapour-phase cracking plant. Thus the utilization of 
uncondensed cracked gases, formed incidentally in cracking 
for gasoline(thc principal product), bears the same economic 
relation to petroleum refining as the manufacture of coal-tar 
light oil and its derivatives does to the coking of coal. 

Synthetic ethyl ether was made on a small commercial 
scale at Richmond, Va., in 1896 by Fritzsche [26, 1897, 
1898]. The commercial introduction of oil cracking pro- 
cesses in 1912 may be said greatly to have stimulated 
petroleum research and opened the way for the present 
development of petroleum synthetics, since the refining 
of cracked gasoline and the utilization of the by-product 
cracked gas presented new problems which later developed 
into the present industry. Application of the standard 
method of refining by sulphuric acid to the treatment of 
cracked gasoline containing 30% or more of olefines 
gave an acid extract from which an oil separated on 
dilution. In a study of this problem in 1918, Brooks and 
Humphrey [10, 1930] showed that this acid oil contained 
secondary and tertiary alcohols, and the investigation was 
extended to a number of pure amylenes, hexenes, and 
other olefines. Ellis and Cohen [23, 1924] suggested that 
acid more dilute than the customary 66° Be. (1*87 sp. gr.) 
be used for refining cracked gasoline, thus reducing the loss 
by polymerization. The first production of alcohols indus- 
trially from oil gas and cracked gasoline was made by 
Ellis and his co-workers [21, 1920]. The development of 
synthetic ethyl alcohol in Europe, beginning about 1919, 
was focused on the utilization of the ethylene in coal gas 
in the plant of the Skinningrove Iron Company in England, 
and at Bethune in France. 

Manufacture, Separation, and Purification of the 
Olefines 

Although oil gas has long been known, its production at 
low cost was hardly possible prior to the development of 


vapour-phase or high-temperature cracking processes in 
recent years. The old Pintsch gas retorts were very 
inefficient and were operated over a wide temperature 
range. Close temperature regulation, particularly in high- 
temperature cracking, was appreciated by W. A. Hall, one of 
the pioneers of oil cracking, and this feature was greatly 
improved by Luis de Florez, inventor of a cracking process 
adapted to vapour-phase operation. During theWorld War 
the Hall process was operated at high temperatures for the 
conversion of petroleum to benzene and toluene. In the Hall 
process cracking at 605° C. (1,120° F.) gave 17*7% gas con- 
taining 49 to 50% olefines; at 725° C. (1,337° F.) 66% of 
the oil was gasified, the gas containing 40% total olefines 
[4, 1926]. 

It has long been known that the olefines are unstable at 
the temperatures employed to produce them by cracking. 
This was particularly pointed out by Whitaker and Rittman 
[50, 1914] and Whitaker and Alexander [49, 1915]. Also 
in more recent work by Frey and his associates [25, 1932] 
it is shown that when propane and butane are cracked to 
produce a maximum of olefines — i.e. at about 850° C. 
(1,560° F.) — an exothermic reaction quickly ensues, a 
further temperature rise of 94° C. (201° F.) having been 
observed. During this exothermic period benzene and 
other condensable hydrocarbons are formed and the yield 
of olefines is considerably decreased. Most of the research 
and development in this field of high-temperature cracking 
of the simple paraffins, methane to butane inclusive, has 
been carried out with the object of producing benzene or 
for the purpose of enriching lean gas such as water gas. 
This subject and the pyrolysis of individual hydrocarbons 
have recently been reviewed by Ellis [20, 1934]. 

Owing to the potentially enormous quantities of pro- 
pane and butane which are available as by-products of 
the stabilization of gasoline, the cracking of propane and 
butane to produce gaseous olefines has industrial promise. 
Podbielniak and others have obtained a maximum ethylene 
yield at about 815° C. (1,500° F.) from commercial pro- 
pane. One volume of commercial propane, in the form 
of stabilizer overhead, gave about L8 vol. of cracked gas 
containing 26 to 28 % ethylene. The results of Podbielniak 
are of significance since they were obtained on an industrial 
unit scale. Stabilizer gas produced at large refineries or by 
gasoline recovery plants situated on large gas transmission 
lines are the most permanent sources of supply. 

Much of the published data with respect to yields of 
oil gas by cracking at particular temperatures is of very 
little value; many important factors are usually neglected, 
such as time of passage, diameter of heating tubes, ratio 
of recycled oil to fresh charging stock, nature of the charg- 
ing stock, &c. None of the older results gives analyses 
showing the percentages of the individual olefines. The 
figures from the literature [4, 1926] do show, however, 
the rapidly increasing gas yields as the temperature is in- 
creased (Table I). 

So many factors are changed when small-scale experi- 
mental operations are enlarged to commercial unit opera- 
tions that it is not safe to base projected commercial 
operations on small-scale results. 
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Table I 

Yields of Olefines by Cracking 


No, 

Temp. 

« C. ** F. 

Gas per 
42 U.S. 
fiat, of 
oilcu.Jt. 

Ole- 
fines % 

Remarks 

1 

593 

(1.099) 

1,260 

45-8 

Gyro gasoline manufacture 

2 

650 

(1 202) 

1.887 

43-6 

Experimental 

3 

682 

(1.260) 

2,490 

35-8 

Pu. gas oil 

4 

700 

(1.292) 

2,520 

36-5 

Russian gas oil 

5 

743 

(1.369) 

2,990 

36-6 ! 

Experimental 

6 

743 

(1,369) 

3,136 

33-5 


7 

750 

(1.382) 

2,884 

30-6 


8 

760 

(1,400) 

2,968 

301 

Pa. gas oil 

9 

782 

(1,440) 

3,365 

27-7 

Experimental 

10 

800 

! (1,472) 

2,870 

46-2 

Experimental. Oil 0 847 

11 

850 

I (1,562) 

3.255 

431 

Experimental. Oil 0-807 


Some of the earlier results, reported by Wagner [47, 1935] 
for commercial vapour-phase cracking showed 30% or 
more of the charging stock converted to wet gas. Gas 
formation has since been reduced in the Gyro operations. 
Gas from one of these plants in 1931 showed the following 
analyses : 

Table II 

Composition of Gas by Vapour-phase Cracking 


(% by vol.) 



/ 

"n 

CO,+ H,S . 

0-89 

0-28 

CH|+H. . 

29-6 

28-5 

Ethylene . . . i 

23-1 

23-1 

Ethane . . . | 

13*3 

15-7 

Propane 

4-9 1 

4-4 

Butenes and butane 

8-3 

10 1 

C, . . , . 

4-1 

4-0 

Above C» . 

3-9 

31 

Total olefines 

47-2 

48-4 


The following results recently obtained on a small-size 
vapour-phase unit are of interest as showing that in 
cracking in the temperature range 580 to 610'' C. (1,075 to 
1,130° F.) the composition of the pentane-free gas remains 
very little changed when the rate of feed is increased with 


Table III 

Yields and Composition of Gas and Gasoline by Cracking 
East Texas Reduced Crude at Atmospheric Pressure 


Cracking temp.f ° C. C F.) 


Pentane-frce gas 
Wt. % of feed 
Cu. ft. per bbl. of feed . 

Cu. ft. per bbl. gas oil . 
Composition, vol. %: 

Methane and hydrogen 
Ethylene . . . . 

Ethane . . . , 

Propylene ... 
Propane 

Cl hydrocarbons . 

Gasoline, 9*6 lb. Reid vapour 
pressure, 400® F. end-point : 
Vol. % of feed . 

Vol. % of gas oil 
®API. 

Gasoline composition, vol. % 
Butenes 
Butanes 
Pcntcnes 
Pentanes 

Ce hydrocarbons . 

C 7 hydrocarbons plus . 


5800,075) 1 6000,ll0)\61 0{l,130) 


22-5 

24-9 

26-5 

855 

990 

1,025 

1,125 

1,300 

1,350 

27-4 

32-5 

30-5 

22-2 

23-9 

23-4 

14-s 

13-4 

12-4 

19-8 

16-8 

190 

6-9 

4-9 

5-6 

9-2 

8-5 

90 

41-9 

400 

34 1 

551 

526 

44.9 

58-9 

58-0 

570 

5-9 

6-3 

60 

21 

2-3 

2-2 

7-7 

7-4 

90 

5-8 

4-5 

4,9 

15-7 

161 

17 1 

62-8 

63-4 

60-7 


increasing cracking temperature, thus decreasing the time 
of passage through the cracking zone. When the feed rate 
is kept constant with increasing cracking temperatur^, 
the yield of gas is greater. The higher gas yields necessarily 
result from cracking of gasoline, which at least for most 
purposes is uneconomical. 

The East Texas crude (26 T API. gravity) represented 
60% of the original crude and contained about 24% 
residual fuel oil not volatilized in the apparatus. 

The figures in Table III were obtained by analyses of 
the dry residual gas, the stabilizer overhead product, 
mainly consisting of three- and four-carbon atom hydro- 
carbons, and the stabilized end-point gasoline. 

Similar results have been reported by Geniesse and 
Reuter [27, 1932], who cracked Mid-Continent gas oil in 
a small experimental apparatus. The ethylene content of 
the gas was found to be nearly constant through the 
temperature range 600 to 640° C. (1,110 to 1,185° F.), 
the time of cracking being decreased as the temperature 
was increased. 


Composition of Olefine-Paraffin Fractions 

In the treatment of cracked gases, it is usually not feasible 
or particularly desirable to separate the olefines from the 
corresponding paraffins. 

In the case of ethylene-ethane (the gas made by industrial 
vapour-phase cracking at 595° C. (1,103° F.) noted in 
Table II) the ratio of ethylene to ethane is 100 to 51. In 
the experimental-scale results given in Table III these 
ratios are as follows: 

Cracking temp., ®C. (®F.) . 1580(1,076)1600(1,112)1610(1.130) 

Ethylene-ethane ratio . . j 100/65 I, 100/56 1 100/53 


The propylene-propane ratios are as follows: 


Cracking temp., ° C. 
0 F.) 

595(1,103)* 

580(1,076) 

600(1.112) 

Propylene-propane 
ratio . 

i 

100/32 

100/35 

100/29 


610(1,130) 

100/29 


♦Large scale. 


The material used industrially for the manufacture of 
/5o-propyl alcohol is the overhead gas produced when 
stabilizing cracked gasoline, made by pressure cracking, 
and contains approximately 18% propylene. 

The butene fraction separated on an industrial scale 
from gas produced by vapour-phase cracking contained 
the following: 


Butanes 

% 

10-12 

Butadiene . 

Ijo-Butcne . 
w-Butenes . 

20 4 
50-5 

C 2 and C 5 ... 


Other types of oil gas contain these same hydrocarbons 
in varying amounts, the gases made by cracking at lower 
temperatures and under pressure containing much more 
butane and little or no butadiene. A four-carbon fraction 
made by the Cross cracking process showed 22% butenes 
and no butadiene. 

Of the normal butenes present, 2-butene predominates. 
The initial product is doubtless 1 -butene, which is re- 
arranged to 2-butene. The butenes made by small-scale 
experimental cracking, where the cracking time is very 
short, yield larger proportions of 1 -butene. The relative 
proportion of 1 -butene is of considerable importance for 
certain synthetic applications, though both yield 2-butanol 
exclusively in the sulphuric acid-alcohol method. 

The pentene-pentane fraction made by large-scale 
vapour-phase cracking contains 18 to 25% pentanes; the 
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product of the small-scale fraction contains a larger pro- 
portion of pentanes. The pentene-pentane fraction, made 
by pressure cracking for gasoline, contains 25 to 33% 
pentencs, depending upon the temperatures and possibly 
the time-factor in the cracking process employed. 

The ‘amylene’ reported in the early literature usually 
referred to amylene made by the decomposition of amyl 
alcohol or fusel oil and contained large proportions of 
trimethyl ethylene; accordingly it was reported to yield 
chiefly /er/-amyl alcohol when treated with sulphuric acid 
under suitable conditions. 

The pentene-pentane fraction contains 1-pentene, 2- 
pentene, trimethyl ethylene, wo-propyl ethylene, probably 
fl5>'m-mcthyl ethyl ethylene, and only very small propor- 
tions (about 1%) of dienes. Also the proportion of pen- 
tenes yielding /er/-amyl alcohol (2 to 4% in material of 
vapour-phase origin) is much smaller than the wo-butene 
content of the butene fraction, /v^^-propyl ethylene appears 
to be one of the constituents of the pentenes produced by 
either vapour-phase pr pressure cracking. 

The composition of the hexene-hexane fraction, made by 
vapour-phase or by pressure cracking, is not known. The 
alcohols made from this fraction are derived from the 
normal hexenes. 

Concentration and Purification of Olefines 

For most chemical reactions, as for example absorption 
in sulphuric acid, there are obvious advantages in using 
gas rich in olefines. Since in the earlier work on the 
manufacture of ethyl alcohol from ethylene, coal gas was 
employed, many methods of concentrating the ethylene 
were tried. Bury and Ollander [11, 1919] tried the method 
of partially selective adsorption by charcoal, patented by 
Soddy [41, 1925], but abandoned it. Berl and Schmidt [3, 
1923] have reported quantitative experiments with this 
method. 

The process of Claude, primarily directed to the puri- 
fication of the hydrogen of coal gas, liquefies the ethylene 
and a portion of the methane at — 140'"C. ( — 220" F.). 
This method was tried at Bethune, France, and a fraction 
was obtained containing 20 to 30% of ethylene [45, 1925]. 
The Societe Anonyme d’Explosifs [40, 1925] employed 
both pressure and cooling to separate a series of hydro- 
carbon fractions, and a liquid ethylene-ethane fraction. 
Absorption in a hydrocarbon oil, followed by rectification 
in the presence of the solvent oil, has been patented by 
Curme [14, 1922], and Voorhees and Youtz [46, 1932] 
concentrate ethylene by utilizing its greater solubility, as 
compared with methane and ethane, in ethyl alcohol under 
pressure. Joshua and Stanley [29, 1935] have shown that 
ethylene may be concentrated from lean oil gases by 
absorption under pressure in aqueous solutions containing 
cuprous chloride and ethanolamine, a labile compound 
being formed. Ethylene is liberated on releasing the pres- 
sure and warming. Ethylene homologues also react with 
this reagent, but apparently not as readily as ethylene. 

Bury and Ollander found that with reasonably good 
surface contact between the acid and the gas 71% of 
the 2-5% ethylene originally present in the coal gas could 
be absorbed in 2 min. by 95% sulphuric acid at 60 to 
80® C. (140 to 175° F.). Tideman reported that 80 to 
90% of the ethylene was absorbed under the same condi- 
tions in 3 min. 

In his early work Fritzsche [26, 1897, 1898] removed 
the ethylene homologues from oil gas by the action of 
concentrated sulphuric acid at temperatures below 40° C. 


(104° F.)., Ellis [22, 1923] described the removal of propy- 
lene by treating with sulphuric acid of specific gravity 1*8 
at low temperatures, followed by reaction of the ethylene 
with more concentrated acid above 60° C. Isham and 
Born [28, 1929, 1930] and Taveau [43, 1932] have described 
similar methods of successively removing butenes, propy- 
lene, and ethylene. 

It has long been known that iso-buicno is much more 
reactive to dilute mineral acid than the normal butenes, 
readily yielding /m-butyl alcohol, and that trimethyl 
ethylene is much more reactive than the normal pentenes 
and may be selectively removed from the olefine mixtures 
containing the isomeric pentenes. The relative reaction 
rates of these olefines with sulphuric acid have been 
reported by Davis and Schuler [16, 1930]. These reaction 
rates are so different that the separation of the olefine- 
yielding tertiary alcohols from the normal butenes and 
pentenes, which yield secondary alcohols, has been carried 
out industrially. Hydrochloric acid has been proposed 
for the same purpose but has not been thus used indus- 
trially. 

It was early recognized that hydrogen sulphide and mer- 
captans should be removed, or the resulting alcohols, made 
by reaction with sulphuric acid, contain mercaptans. 

Selective removal of butadiene from the butene fraction, 
made by vapour-phase cracking, is advantageous to the 
butyl-alcohol process, as will be noted later. It can be 
selectively removed by cuprous chloride. 

General Considerations 

In the following discussion only the processes based upon 
solution of olefines in acid, followed by hydrolysis, are 
considered. Although the chemistry of the processes is 
relatively simple, synthetic alcohols have been made in 
this way only since the World War. 

Sulphuric acid is now the only reagent used indus- 
trially for the conversion of olefines to alcohols. Other 
reagents of an acid character have been proposed, but for 
various reasons (mostly poorer yields) they are not used. 

Probably in all cases the acid reagents first combine with 
the olefines to form definite chemical compounds which 
are simultaneously, or more often later, hydrolysed to 
give alcohols. In an effort to avoid the use of more or less 
concentrated sulphuric acid, a number of processes have 
been proposed which describe the hydration of the olefine 
(ethylene) as ‘catalytic’ or ‘direct’; most of these processes 
employ a dilute acid or an acid salt, usually with steam 
under high pressures. It seems more consistent with all 
of the known facts to suppose that in such processes the 
function of the acid reagent is initially the same as in the 
more familiar reactions with concentrated acid, i.e. com- 
pound formation followed by hydrolysis. 

Anhydrous or 100% sulphuric acid causes carbonization 
even with ethylene, and temperature control is difficult. 
The function of the water in less concentrated acid is more 
than that of a mere diluent. In the concentrations com- 
monly employed for secondary hexyl, amyl, butyl, and 
iso-propyl alcohols, the reagent chiefly used is the hydrate 
H 2 S 04 -H 20 ; the equilibrium 

H*S04+H,0 HaS04 H20 

is generally believed to exist in acid corresponding to this 
composition. The stability of the substance H 2 S 04 Ha0 
is indicated by its large heat of formation, which is also 
consistent with the fact that, when this so-called hydrate 
reacts with an olefine, the alkyl sulphate ROSOgH-HaO 
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is formed without loss of water, as is indicated by 
the composition of a large number of salts, such as 
Ba(0S08C,Hp2-2Hj0. Also, when a solution containing 
85% sulphuric acid reacts with an olefine there is no 
decrease in the reaction rate as the reaction proceeds, 
proving that there is no increase in the proportion of water 
to uncombined acid. When dialkyl sulphates are formed by 
the reaction of a monoalkyl sulphate (RSOjH-HjO) with 
an olefine, the resulting dialkyl sulphate, (R 0 ) 2 S 02 , is 
anhydrous; this may explain the fact that the sensible heat 
of reaction is very small compared with that of forming 
the monosulphate, and that, when using 90 to 96% sul- 
phuric acid, equilibria are reached in forming the dialkyl 
sulphate, caused by the liberation of water, 

R0S0,H H,0 + R (olefine) -v (R0)aS0a + H,0. 

Dialkyl Sulphate Formation. The formation of mono- 
and dialkyl sulphates proceeds simultaneously. For 
example, 

CH, : CH, + H,S04 • H^O -> QH^OSOjH • H,0. 

C^U,OSO,H . H,0 -f CH, : CH, -> (QH.OoSO, f HjO. 

In the case of ethylene, appreciable amounts of diethyl 
sulphate arc formed when the acid has reacted with about 
one-third mol. [37, 1921]. This has the result that, on 
treating a cracked naphtha or a mixture of olefines and 
paraffins, part of the dialkyl sulphate formed passes into 
the residual naphtha, usually requiring redistillation of the 
residual naphtha before blending with gasoline. The higher 
dialkyl sulphates (dibutyl and diamyl sulphates, &c.) are 
miscible with hydrocarbon solvents, and gasoline, refined 
by treating with concentrated sulphuric acid, always con- 
tains dialkyl sulphates which are decomposed on redistill- 
ing [10, 1930]. 

Large yields of dialkyl sulphate are favoured by the 
solution of excess olefine in the monoalkyl sulphate-acid 
mixture which, in the case of ethylene, is readily affected 
by pressure (Fig. 2), In the case of the pentenes the excess 
of olefine is readily soluble in the monoalkyl sulphate-acid 
mixture and reacts readily at 20° C. (68° F.) to form large 
yields of diamyl sulphate. 

Dialkyl sulphates are also formed by the following type 
of reaction: 

2C*H,OSOaH ^ (QH»0),SOH HaS 04 . 

which reaction, in fact, has been a well-known method 
of preparing diethyl sulphate; on heating ethyl sulphuric 
acid under vacuum, diethyl sulphate is distill^ from the 
mixture. 

Polymer Formation. The formation of polymers, 

CjoHao+CijHjo, &c., 

is insignificant in the case of ethylene at temperatures 
below 80® C, (176® F.) and acid concentrations below 
96%. With higher temperatures and more concentrated 
acid, secondary reactions, decomposition, carbonization, 
and formation of sulphur dioxide and tar are noted. 
Polymerization of propylene and the higher olefine homo- 
logues may be a serious loss if the conditions of acid 
concentration and temperature are too severe. The reason 
for increasing polymer formation with increasing acid 
concentration is not known. In a mixture of olefines 
one olefine may polymerize and couple with it another 
olefine which by itself is not polymerized. Thus, when 
butadiene is polymerized by 75% sulphuric acid in the 
presence of normal butenes, viscous high-boiling poly- 
mers arc formed in about double the proportions of the 


butadiene present. Thomas and Carmody [44, 1932] have 
noted similar co-polymerization when mixtures of ole- 
fines and dienes are polymerized by anhydrous aluminium 
chloride. 

The most interesting of the various theories of poly- 
merization which has been proposed is that of Whitmore 
[51, 1933], which is based upon modern theories of organic 
reactions. Whitmore’s theory was suggested as applying 
only to polymerization of olefines by acids and takes no 
account of the polymerizations by anhydrous reagents 
(alkali metals such as sodium and potassium, fuller’s 
earth, and similar adsorbents) or by heat and pressure 
alone. 

Formation of Saturated Hydrocarbons. In concentrated 
sulphuric acid, in addition to polymerization, Ormandy 
and Craven [36, 1928] and Nametkin and Abakumov- 
skaja [35, 1933] have shown that saturated hydrocarbons 
are formed. Whereas cyclohcxene gives good yields of 
cyclohexanol with 80 to 85% sulphuric acid, concentrated 
sulphuric acid yields two saturated hydrocarbons, C 12 H 2 J 
and CigHsj. No satisfactory theory has as yet been ad- 
vanced for these results: 

A:CeH,o (cyclohexane) CijHaa | Cj^Hag f (7) 

SulphoneandCarbyl Sulphate Formation. Carbyl sulphate 
is not known to be formed by the reaction of ethylene 
and sulphuric acid of less than 100% strength. With 
ethylene homologues similar anhydrides arc apparently 
formed more readily with moderately concentrated acids, 
as is indicated by the isolation of octane sulphone by 
Baldeschwieler and Cassar [2, 1929] from the residual 
polymers made in the alcohol plant of the Standard 
Alcohol Company. They give the following reactions for 
its formation: 

C4H,CH:CHCH2CH3+2H2S04 

‘->C4H,CHgCHCHgCHjS03H - ^ C^H.CH.CHCHjCHjSO,. 

I * I 

OSO3H O — * 

The formation of carbon on concentrating the diluted 
sulphuric acid used in alcohol manufacture is in all 
probability due to sulphonic derivatives of the unhydro- 
lysable isethionic acid type: 

SOgHCHgCHaOSOjH + HaO S03HCHjCHa0H + HgS04. 

Hydrolysis of Alkyl Sulphates. Alkyl sulphates are fairly 
stable in the presence of water at ordinary temperatures. 
On heating with water, they are readily hydrolysed and 
this hydrolysis is promoted by hydrogen ions. The effect 
of excess sulphuric acid on the hydrolysis of alkyl sulphates 
in the diluted acid product obtained in large-scale practice 
is very marked, being more rapid when excess free sul^ 
phuric acid is present. The monoalkyl sulphates are most 
stable in excess caustic alkali solution and may be boiled 
in such solutions with only very slow hydrolysis, but in 
acid solution the hydrolysis is increasingly rapid with 
increasing acid concentration, as shown in Figs. 3 and 4. 
This behaviour is in accord with the observations of 
Drushcl and Linhart [18, 1911] on the effect of hydro- 
chloric acid on the hydrolysis of barium ethyl sulphate, 
but contrary to the generalization as to the hydrolysis of 
such esters in acid and alkaline solution given by Rice 
[38, 1928]. 

In moderately concentrated acid solutions the following 
equilibria may be assumed: 

ROSO,H-i-H,0 R0H + H,S04, 

(RO)aSO,+H,0 ^ R0S0,H4*R0H. 



ALCOHOLS AND RELATED PRODUCTS FROM PETROLEUM OLEFINES 


These equilibria have not been investigated, with the 
exception of the reaction of ethyl alcohol and sulphuric 
acid. It is sometimes considered desirable to minimize 
reversion to olefine by hydrolysing the alkyl sulphates 
prior to distillation [34, 1922, 1933]. The hydrolysis of the 
dialkyl sulphates is complicated by ether formation. 

Ether Formation. In the manufacture of butyl and amyl 
alcohols the sulphating reaction is usually not carried 
beyond the formation of the monoalkyl sulphate, and 
ether formation is not appreciable. In the case of ethyl 
and wu-propyl alcohols, the dialkyl sulphates are more 
readily formed; when the acid reaction product, containing 
disulphates, is diluted, hydrolysed, and distilled, ethers 
are formed. These ethers are produced mainly by the 
reaction of the dialkyl sulphates with alcohol : 

(CaHiOaSOjH-CjHsOH \ 

Thus ethyl alcohol may be distilled from a 40% solution 
of sulphuric acid without appreciable ether formation, but, 
when diethyl sulphate is added to such a mixture, as much 
as 32% of the diethyl sulphate is converted to ethyl ether. 
The formation of ethyl ether in this way can be minimized 
by separating the diethyl sulphate from the acid-reac- 
tion product and hydrolysing it separately with water or 
dilute acid, with vigorous agitation, or by adding the ester 
gradually to boiling water in which the concentration of 
alcohol is kept low by distilling the alcohol as fast as it is 
formed. 

Ethyl ether and di-/5o-propyl ether are available in large 
quantities as by-products of the manufacture of synthetic 
alcohols. 

Decomposition of Alkyl Sulphates. The decomposition 
of alkyl sulphates by heating is a well-known method of 
preparation of the simple olefines. Except in the case 
of ethyl alcohol, rather dilute sulphuric acid (50% or 
less) is used for this purpose. In the case of ethyl and iso- 
propyl alkyl sulphates, hydrolysis and distillation may be 
carried out in solutions of 35% sulphuric acid without 
appreciable decomposition to olefines. In the case of butyl, 
amyl, and hexyl alcohols decomposition of the alkyl sul- 
phates to olefines is an important factor in industrial 
operations. 

The dialkyl sulphates carbonize on decomposition by 
heat, giving sulphur dioxide and small yields of olefines. 
As shown by Nef, no ether is formed by the decomposition 
of diethyl sulphate by heat. The dialkyl sulphates are 
stable at the low temperatures at which they arc formed; 
when dissolved in neutral hydrocarbon oil, rapid decom- 
position is noted at 140 to 150'’ C. (284 to 302° F.). 

Ethyl and i50-PropyI Alcohols 

Synthetic ethyl ether was made on a small industrial 
scale in Richmond, Va., from the ethylene in oil gas by 
Fritzsche [26, 1897, 1898] in 1896. Apparently no attempt 
was made to utilize any of the ethylene homologues in the 
oil gas, since they were polymerized by the concentrated 
sulphuric acid used. Although Fritzsche reported a yield 
of ether equivalent to 70%, based on the ethylene in the 
gas, his acid consumption was high. The entire cost of 
the operation was borne by the single product made. The 
results of Fritzsche have led many writers to condemn the 
economics of synthetic ethyl alcohol. Fritzsche recovered 
only about one-third of the sulphuric acid used, much of 
this loss resulting from polymerization and tar formation 
from the ethylene homologues removed in the preliminary 
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acid-scrubbing of the gas, and also decomposition of the 
acid during subsequent reconcentration. His acid efficiency 
was also very low because, although he used 98% acid at 
80® C. (176° F.) for absorbing the ethylene, the reaction 
was not carried beyond 0-64 mol. of ethylene per mol. of 
sulphuric acid. 

The chief factors which have changed the picture alto- 
gether with regard to commercial synthetic ethyl alcohol 
are the following. The development of efficient methods 
of removing butenes and propylene by sulphuric acid to 
produce butyl and /ju-propyl alcohol, on the one hand, 
and the development of physical methods of separating 
ethylene and propylene, make it feasible to produce syn- 
thetic ethyl alcohol of very high purity. The absorption 
of ethylene by sulphuric acid is more rapid when the acid 
contains ethyl sulphuric acid, as was noted by Fritzsche 
and later by Plant and Sidgwick and by Cie Bethune [37, 
1921 ; 13, 1925]. What is still more important, the absorp- 
tion of ethylene proceeds to form substantial proportions 
of diethyl sulphate, which greatly reduces the acid require- 
ment as compared with the practice of Fritzsche or the 
Skinningrove Iron Company. Curme [15, 1920] proposed 
to make diethyl sulphate commercially in this way, using 
pure ethylene and volatilizing the diethyl sulphate from 
the acid mixture in a stream of excess gas. Plant and 
Sidgwick also noted the formation of diethyl sulphate, and 
Maimeri [32, 1924] claimed its production by absorbing 
ethylene in concentrated acid at 65 to 75° C. (149 to 
167° F.) under low pressure and diluting the acid product 
to precipitate the diethyl sulphate. Finally, the absorption 
of the ethylene is greatly accelerated by the use of pressure 
[6, 1932, 1933; 8, 1934]. The rate of absorption of the ethy- 
lene, using 95% acid at 80 to 90° C. (176 to 194° F.), shows 
very little falling off until 1 -5 mols. of ethylene are absorbed 
per mol. of sulphuric acid, or more than double the absorp- 
tion attained by Fritzsche. The use of pressures within 
the range of 250 to 500 lb. per sq. in. are particularly con- 
venient when the propylene and higher boiling hydrocarbons 
are separated by fractionation or oil absorption under 
pressure. The use of pressures of this order also prevents 
vaporization loss of diethyl sulphate from rich acid reac- 
tion mixtures. An experimental investigation of the absorp- 
tion of ethylene by sulphuric acid, under pressures up to 
20 atm., has recently been published by Strahler and 
Hachtel [42, 1934]. 

The rate of absorption of ethylene by the acid depends 
very largely on the surface contact of the acid and the gas, 
and agitation of the acid. 

The use of catalysts to promote the reaction of ethylene 
and sulphuric acid has frequently been proposed. Silver 
and mercury salts have a substantial catalytic effect 
on this reaction. The patent literature is summarized 
by Ellis [19, 1934]. However, the use of catalysts of this 
nature may present some difficulties in large-scale operation 
and they would probably be lost in the process of acid 
recovery. The advantages appear to be of doubtful value 
in view of the rapid reaction with concentrated sulphuric 
acid at about 80° C. (176° F.) when carried out under 
pressures of 300 to 500 lb. per sq. in. 

The use of a wide range of dilutions of various mineral 
acids, at high temperatures and pressures, has been pro- 
posed, but none of these processes appear to be in industrial 
use at the present time. The Distillers Co., Ltd. [17, 1932, 
1934], describe passing a mixture of ethylene and steam 
through sulphuric acid of 60 to 85% at temperatures up to 
200° C. (392° F.). Other processes claim the reaction of 
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ethylene with very dilute acids at temperatures of 150 to 
250° C. (302 to 482° F.) and pressures of 70 to 200 atm., 
and in the presence of silver or copper salts as catalysts 
[19. 1934]. 

The first account of the manufacture of wo-propyl alcohol 
from cracking-still gas was published in 1920 by Ellis 
[21, 1920]. A gas richer in propylene than cracking-still gas 
and substantially free from butenes, obtained as stabilizer 
overhead gas, is now' employed. This gas, containing 16 
to 18?;, propylene, is treated with sulphuric acid in a steel 
tower provided with cooling coils and in the presence of an 
absorbent oil as shown in the patents to Lebo [31, 1932] 
and Mann and Williams [33, 1921]. At low operating 
pressures the use of absorbent mineral oil greatly increases 
the capacity of the reaction tower. The absorption is 
normally carried out until the acid reaction product con- 
tains a substantial proportion of di-i5o-propyl sulphate. 
After separating the neutral oil and acid product, the latter 
is hydrolysed and distilled continuously with steam. On 
rectifying the crude wo-propyl alcohol, /so-propyl ether is 
obtained in the lower boiling fraction. 

The liquefied propylene-propane fraction, derived from 
the products of vapour-phase cracking, may contain as 
much as 80% propylene, the remainder being propane, 
and because this is in the liquid condition it may be agitated 
with acid for any length of time desired, and it is possible to 
carfy out the reaction with sulphuric acid of 80 to 85% 
strength. When carried out under pressure at 15 to 20° C. 
(59 to 68° F.) using 85 % acid, the product is largely di- 
/5<7-propyl sulphate and the formation of polymers is almost 
entirely avoided. 

Secondary Butyl, Amyl, and Hexyl Alcohols. As already 
noted, the butene fraction contains /so-butene and the 
normal butenes, the pentene fraction contains the two 
normal pentenes and also wo-propylethyleneand trimethyl- 
ethylene, and the hexene fraction contains a mixture of 
hexenes which have not been identified except indirectly 
from the alcohols made from them. 

Tertiary butyl alcohol was prepared from /j<?-butene by 
Butlerow [12, 1867, 1875, 1880] by the action of dilute 
sulphuric acid. The relative reaction rates of the butenes 
with sulphuric acid of various concentrations has been 
reported by Davis and Schuler [16, 1930] from which the 
selective removal of /sn-butene from a mixture of butenes 
by 65% sulphuric acid will readily be understood. The 
literature notes that /err-butyl alcohol is decomposed on 
warming with mineral acids as dilute as 0 02 normal, and 
early in this development it was thought necessary to 
neutralize the diluted acid product to obtain the tertiary 
alcohols. However, by rapid continuous distillation in a 
column with steam, it has been found possible to recover 
80% of the /err-butyl alcohol present from acid solutions 
containing 35 to 40% sulphuric acid. 

The wu-butene polymers, useful as solvents, as high- 
octane motor fuel, and for other purposes, can be recovered 
in good yields by heating the 65% acid solution. Di-fro- 
butene is readily hydrogenated in the presence of nickel 
catalysts to the corresponding octane, and this is the only 
source of this well-known motor-fuel standard. 

The butadiene content of the butene fraction, derived 
from vapour-phase cracking, is ordinarily 12 to 14%, and 
the butadiene yield cannot be materially increased except by 
cracking at higher temperatures and sacrificing the yields 
of gasoline and other products. It is not probable that 
this interesting material will be avoidable for synthetic 


rubber or other chemical syntheses, except as a by-product 
of the utilization of the gases and light olefines made by 
vapour-phase cracking. Butadiene has been isolated from 
this fraction on a small-plant scale by means of its solid 
double compound with cuprous chloride. The butene 
fraction was agitated with a thin slurry of cuprous chloride 
in a 10% solution of ammonium chloride in a copper-lined 
vessel [5, 1932]. The butenes and butane were then allowed 
to boil off, and condensed under a few pounds pressure, 
and the double compound was then decomposed by heat- 
ing to 55 to 60° C. (131 to 140° F.). Although the cuprous 
chloride was found to react slowly with /5o-butene, the 
formation of the insoluble butadiene compound was so 
rapid as to be nearly quantitative and very selective. 

It was found that, contrary to statements in the patent 
literature, fro-butene could be selectively removed by 65% 
sulphuric acid at 10 to 15° C. (50 to 59° F.) without 
polymerizing the butadiene. 

If not removed, butadiene is completely polymerized 
by the more concentrated acid employed to react with the 
normal butenes. The resulting polymerization includes 
approximately 1 mol. of normal butene to one of buta- 
diene, to yield a high-boiling oil having iodine absorption 
numbers (Hanus method) as high as 240. On exposure 
to air, these oils dry very slowly to soft, sticky films, and 
this drying behaviour is not much improved by the 
addition of well-knowm driers such as lead, manganese 
and cobalt resinates, and naphthenates. 

Pure normal butenes give about 80% of the theoretical 
yield of 2-butanol. When the sulphuric acid reaction 
mixture is diluted with ice or ice- water, 20 to 24% of the 
butyl alcohol is liberated as such, and this is not increased 
by repeated extraction of the cold acid solution. The 
remainder of the alcohol may be liberated by hydrolysing 
the acid alkyl sulphate by heating. 

The treatment of mixtures of olefines containing butenes 
from cracked gases, with sulphuric acid of less than 1 *84 
sp. gr., to produce butyl and other alcohols was first 
described by Ellis and Cohen [23, 1924]. King [30, 
1919] used 78% sulphuric acid on pure butenes; and 
Weizmann and Legg [48, 1922], who were interested in 
converting //-butyl alcohol to secondary butyl alcohol 
through the butenes, recommended the use of 75% sul- 
phuric acid. Taveau [43, 1932] used 85% sulphuric acid 
at temperatures below 30° C. (86° F.), and a recent patent 
to Engs and Moravec [24, 1932, 1933] recommended 90 
to 100% sulphuric acid on purified butenes to produce 
mainly dibutyl sulphate. However, with increasing acid 
concentrations and high percentages of butenes in the 
hydrocarbon treated, temperature control becomes in- 
creasingly difficult; in the liquid phase the normal butenes 
are very rapidly sulphonated with little or no polymerization 
by treating with 70 to 15% sulphuric acid at 20 to 30° C. 
(68 to 86° F.). When diluted with large proportions of 
saturated hydrocarbons, higher acid concentrations are 
advantageous. 

The composition of the amylene fraction obtained by 
vapour-phase cracking has been noted. The pentenes in the 
five-carbon atom fraction, made by pressure cracking, equal 
about 30%. Pure normal pentenes give nearly theoretical 
yields of secondary amyl alcohols, when treated with 
sulphuric acid of 82 to 90% strength at 15 to 20° C. (59 
to 68° F.). Similarly, trimethyl-ethylene and asym-mt\hyU 
ethylethylene with more dilute acid give nearly quantitative 
yields of /er/-amyl alcohol. The only j^ntene which tends 
mainly to polymerize under these conditions is wo-propyl- 
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ethylene. The latter pentene yields not the secondary 
alcohol which might be expected, but tert-omyl alcohol 
[51,1933]: 

CH,v CH^ 

>CHCH : CHa— >C(OH)CHaCH2. 

CH3/ cu/ 

The sulphate of this alcohol, in acid of the concen- 
trations required to react with an olefine of this type, 
rapidly polymerizes. The relatively large proportions of 
the oils which are formed from cracked petroleum pen- 
tene fractions suggests that, as in the case of butadiene, 
the polymerization of a given olefine includes other olefines 
not by themselves polymerized under these conditions. 

Commercial secondary amyl alcohol consists mainly 
of 2-pentanol, with about 20% of 3-pentanol. 1 -Pentene 
yields exclusively 2-pentanol; 2-pentene yields a mixture 
of alcohols containing about 65% 2-pentanol and 35% 
3-pentanol. 

Secondary diamyl sulphate is readily made in yields of 
70 to 75 7o by treating 90% sulphuric acid slowly, with 
cooling, with an excess of 2-pentene, maintaining the 
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temperature at 15 to 20® C. Dilution by water precipitates 
diamyl sulphate and dissolved pentene [8, 1934], 

Synthetic methyl, ethyl, and wc?-propyl alcohols are used 
in the United States to safeguard automobile radiators 
against freezing. This is the largest industrial use of these 
alcohols. / 5 ^-propyl alcohol is important as a raw material 
for the manufacture of acetone, by catalytic dehydrogena- 
tion, and for the manufacture of acetic anhydride, through 
the intermediate conversion of acetone to ketene. The 
ketones, particularly methyl ethyl ketone, have a growing 
market as constituents of cellulose ester lacquers. Iso- 
propyl ether has found a limited industrial application in 
extracting acetic acid from dilute aqueous solutions, and 
has been found to be valuable, when blended with gaso- 
line, as motor fuel of high anti-knock value. 

The conversion of ethane, propane, and butane to 
gasoline by cracking and polymerization is of growing 
importance and such installations make potentially avail- 
able still larger quantities of ethylene and propylene. The 
value of gasoline will largely determine the basic raw 
material value of these simple olefines. 
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1. Introduction 

Although the synthesis of methanol and higher alcohols 
from carbon monoxide and hydrogen is now carried out 
in many parts of the world on an industrial scale, the pro- 
cess is relatively new. Until 1923 the sole commercial 
source of methanol (methyl alcohol) was crude ‘wood 
spirit’ produced by the destructive distillation of wood — 
hence one of its names is ‘wood alcohol’. In that year 
consternation was caused in the wood distillation industry 
by the announcement that a commercially practicable and 
cheap synthesis of methanol was in actual operation in 
Germany. This process was then said to produce a high 
grade of methanol that could be sold at 20-30 cents per 
gallon. This product was imported into the United States 
of America (one of the greatest producers of wood spirit) 
and sold at a price (45 cents per gallon) with which the 
wood distillers could not compete. The growth of the syn- 
thetic methanol industry has been so rapid that the only 
important remaining outlet for the methanol produced by 
wood distillation is as a denaturant for ethyl alcohol. The 
ascendancy of the synthetic industry has also been brought 
about by the fact that acetic acid, another important pro- 
duct of wood distillation, is now produced more cheaply 
by synthetic processes employing acetylene as raw material, 
with the result that wood distillation is now, to a con- 
siderable extent, no longer economic. 

Synthetic methanol now finds a ready market as a raw 
material for the production of formaldehyde, as a solvent 
for lacquers, &c., and as a methylating agent. Considerable 
quantities are also finding use as a motor-fuel constituent — 
particularly in fuels intended for use in high-duty engines 
of the racing type. 

2. Historical Development 

The first evidences that oxygenated compounds had been 
formed from water gas in the presence of catalysts and 
under high pressure are to be found in the patents of the 
Badische Anilin u. Soda Fabrik which began to appear in 
1913 [18, 1913-16]. A product comprising a mixture of 
aliphatic hydrocarbons, alcohols, and other oxygen-con- 
taining organic compounds was claimed. The catalysts 
consisted of metallic oxides, or mixtures of oxides of such 
metals as zinc and cobalt promoted with an alkali metal 
carbonate or hydroxide. One important effect of these 
patents was to stimulate research on the pressure synthesis 
of organic compounds from water gas. As a consequence 
mtK:h confusion and controversy arose in regard to the 
efiScacy of the different catalysts, due largely to the use of 
a diversity of experimental conditions by the many investi- 
gators who worked on the subject. 

Prior to 1913 the only reactions established by the pas- 
sage of carbon monoxide and hydrogen over a suitable 
catalyst were those resulting in the formation of methane, 
carbon dioxide, and water. Thus, if water gas is passed 
over a nickel catalyst at atmospheric pressure and at a 
temperature of 380° C., the product is a mixture of carbon 


dioxide, methane, and hydrogen. In the presence of excess 
hydrogen carbon monoxide is almost completely converted 
to methane at 230-50° C., thus: 

CO f-3H, - CH 4 f HjO. 

At higher temperatures carbon monoxide can decompose 
and give carbon dioxide plus carbon. 

2CO - C+COa 

Comprehensive reviews of the work carried out on these 
reactions have been published by Ellis [9, 1930] and by 
Marek and Hahn [27, 1932]. 

After the publication of the above-mentioned patents 
intensive work was carried out by Fischer in Germany and 
by Patart in France. Fischer attacked the problem mainly 
from the point of producing a mixed product suitable as 
fuel for internal-combustion engines. He employed as cata- 
lyst iron impregnated with a strong base and the conditions 
were 410° C. and 70-150 atm. pressure. The product con- 
sisted of a mixture of aldehydes, ketones, and organic acids 
together with a series of hydrocarbons up to C 9 and boiling 
from 60 to 200° C. The Badische Company and Patart 
endeavoured to determine the conditions under which 
single pure compounds, e.g. methanol, could be produced. 
Patart, using a zinc oxide catalyst at 400-25° C. and 150- 
250 atm. pressure, obtained a liquid product containing 
80% methanol, some water, and higher alcohols. Methane 
and carbon dioxide were also formed to some extent. The 
Badische Company developed catalysts consisting of mixed 
zinc and chromium oxides and obtained good yields of 
methanol under conditions similar to those used by Patart. 
Audibert also obtained pure methanol at 225-300° C. and 
200 atm. pressure by using catalysts comprising the oxides 
of chromium and uranium. Audibert demonstrated that 
only above 300° C. did side reactions begin which resulted 
in the formation of higher alcohols and methane. 

The early work of Patart is fully described in Chemie et 
Industrie for November 1926. The plant which he de- 
veloped was a semi-commercial one, producing 1 50-200 kg. 
per 24 hours. Very many catalysts were examined and the 
best were found to consist of mixtures of zinc oxide and 
chromic oxide. These gave satisfactory yields and proved 
least susceptible to loss of activity. Using a pressure of 
150-250 atm. methanol was produced at 350-400° C. and 
higher alcohols at 400-50° C. Patart stated that any gas 
could be used for treatment provided the carbon mon- 
oxide + hydrogen content is greater than 30% and the 
carbon monoxide content at least half the hydrogen con- 
tent. The reaction then proceeds at a rate proportional to 
the partial pressure of the reactants. 

During the period 1926-33 a very large number of 
patents were granted covering various phases of synthetic 
methanol production from water gas, in particular applying 
to the catalysts used. This period saw the development of 
the synthetic methanol industry in Germany by the I. G. 
Farbenindustrie, in England by Synthetic Ammonia & 
Nitrates Ltd. (now a constituent company of Imperial 
Chemical Industries), and in America by the Dupont Am- 
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monia Corporation and others. Also plants are now 
in operation in Italy, Japan, and Russia. In addition to 
the production of methanol, higher alcohols, particularly 
propanols, butanols, and pentanols, are also synthesized 
by this reaction, and in America find a market as solvents 
and denaturants. The development of processes by which 
liquid hydrocarbons are produced from water gas has been 
much less rapid, and the first commercial plants are only 
now in course of erection. 


3, The Methanol Synthesis Reaction 

The reaction involved in the production of methanol 
from carbon monoxide and hydrogen is 

C04 2Hj->CH30H. 

This reaction is reversible and is therefore governed by 
the laws of reaction equilibria. Because it involves a reduc- 
tion in volume (3 volumes reactants give 1 volume of 
product) it is favourably influenced by the use of super- 
atmospheric pressure, and because the synthesis reaction 
is exothermic, it follows that it should be best carried out 
at low temperatures. Furthermore, a suitable catalyst is 
necessary in order to promote the reaction at temperatures 
low enough to prevent the formation of methane, which 
proceeds according to the equation 

CO+3H2 \ HjO 

and is also favourably affected by increased pressures. 
Catalysts chosen for the methanol synthesis reaction must 
exclude nickel and cobalt because these substances also 
catalyse methane formation. 


culations of the free energy change at higher temperatures. 
Results obtained at the Chemical Research Laboratory, 
Teddington, England, have been found in good agreement 
with Audibert’s formula [33, 1928]. Lewis and Frolich 
[26, 1928] have stated that ‘calculations of the methanol 
equilibrium are bound to be more or less inaccurate owing 
to the lack of adequate data on the specific heat and the 
equation of state of the alcohol.’ Kelley has recalculated 
his earlier values, using new data, and has, with caution, 
proposed the equation 

- -9,640cal. and - -25,150cal. 

AF- - 20,740 +4,500riogio T-O 01 58672+ /r, 
where / = 69*4. 

Francis [14, 1928] gives the following expression: 

AF- -26,370+49 97; 
which gives the following figures : 

227° C. AF - -1,420 

327° C. AF- +3,570 

427° C. AF - f 8,560 

The discrepancy between calculated and determined 
values of Kj, is ascribed to inaccuracies in the heat of com- 
bustion of methanol. The limitations of any such calcula- 
tions are shown by the fact that even if the heat of 
combustion of methanol were known to an error of only 
01%, the value of for the reaction at 298 1° K. would 
still be in error to the extent of 33% [22, 1930]. The figures 
quoted by Audibert, Kelley, and Francis arc compared in 
Table I, from which it is evident that those of the two last 


(a) Equilibrium Data. 

Although the methanol equilibrium has been the subject 
of intensive investigation, striking discrepancies still exist 
in the values which have been obtained. Kelley [23, 1926] 
made an attempt to calculate the equilibrium from physical 
data and arrived at the following equation for the free 
energy change of the reaction 

AF- -21,300+32-2riog7-00082572-42-5F. 

The equilibrium constant is then given by 


lognF,- AF/(-FD. 

These results have been criticized. Audibert and Raineau 
[2, 1927-8] produced the following equations for the 
methanol equilibrium, starting with a gaseous mixture of 
the composition CO+ 2 H 2 . The fraction x of carbon 
monoxide converted into methanol is approximately given 
by Nemst’s method of evaluation 


This relationship may be expressed on the basis of partial 
pressures and equilibrium constant as follows: 


logK, 


F(MeOH) 

Fco(Fh> 


27,000 

4-5717 


log 7-3-6. 


From this expression it appears that Audibert and Raineau, 
by taking the algebraic sum of the chemical constants as 
3-6, deduced an equation for the equilibrium constant in 
close agreement with experimental results [33, 1928]. Kelley 
derived the free energy of the reaction at 298° Abs. from 
data which do not involve the specific heat of methanol in 
the gaseous phase, and it is probable that incorrect assump- 
tions have been made for this temperature effect in the cal- 


Table I 

Methanol Equilibrium Constant 


Equilibrium constant 


~ ^ ^ i according to 

Temperature j (CO)(H,)* 


Absolute 

" C. 

Audibert 

Kelley 

Francis 

300" 

27 

2-65 X 10’ 

6-7 X 10’ 


400" 

127 

M5xl0* 

20-6x10* 


500" 

227 

! 5-75xlO-> 

3I6 0X 10-* 

417x10“* 

600" 

327 

1 3-20x10“* 

386-0x10“* 

500xl0r“* 

700" 

427 

7-55 xl0“* 

1.540 0x10“* 

2,100xl0r« 


named arc of the same order of magnitude, but between 
them and those derived from Audibert’s equation there is 
a discrepancy which increases as the temperature rises. 
Smith and Branting found by experiment that at 303-8° C. 
the value of Kp was 5-57 x 10~*, with a probable error of 
±5%. This agrees fairly well with Audibert’s calculated 
value at 300° C. 

Determinations of the methanol equilibrium have also 
been made by Newitt, Byrne, and Strong [34, 1929], who 
approached equilibrium from both sides — i.e. synthesis and 
decomposition, and who used both static and flow methods 
of experimentation. The conditions employed were 280- 
338° C. and 60-100 atm. pressure — a catalyst being em- 
ployed consisting of 3 Zn 0 -Cr 203 to which 0-5% copper 
nitrate was added. 

The results revealed a linear relationship between free 
energy and absolute temperature: 

AF - 70-57- 30,500. 

The values of K, found were as follows and are consider- 
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ably lower than any corresponding values either calculated 
or experimentally obtained by previous workers. 


Temp. ® C. 

1 K, 

Temp. ° C. 

j 1 

260 

' i-2xi(r> 

340 

2-9xl0“» 

280 

1 4-5x10-* 

360 

l-3xl0“» 

300 

1-6x10-* 

380 

6 3xlQr* 

320 

1 6-7x10-* 




The correct determination of the methanol equilibrium 
is of considerable commercial as well as scientific interest, 
inasmuch as such values are the best criteria of the efficiency 
of a catalyst at a given temperature. For example, if by 
using a given catalyst at a certain temperature a quanti- 
tative yield of methanol near to that of the equilibrium 
proportions predicted by the experimental Kp values at 
such temperature were readily secured, the quest for a more 
active catalyst would be unnecessary. 

{b) Catalysts for the Synthesis of Methanol from Water 
Gas. 

The technical and patent literature contains references 
to hundreds of different types of catalyst mixtures which 
may be used under a wide variety of conditions. Such 
catalyst masses may be conveniently divided into three 
classes: 

1. Mixtures of metallic oxides. 

2. Mixtures of metals or alloys. 

3. Mixtures of oxides and metals, or a metal plus an 
oxide or a salt as promoter. 

The work done by the Badische Anilin u. Soda Fabrik 
Oater known as the I. G. Farbenindustrie) is shown by the 
large number of patents issued dealing with suitable cata- 
lysts — the first of which were issued in 1 9 1 3 and 1914. These 
describe the preparation of hydrocarbons and oxygenated 
compounds by passing mixtures of the oxides of carbon 
along with hydrogen or compounds containing hydrogen 
over suitable catalysts at high temperatures and at pres- 
sures of more than 5 atm. The nature of the products 
obtained depended upon the type of catalyst and upon the 
other experimental conditions and varied greatly with 
variation in these factors. The catalysts which were first 
mentioned represented a large number of elements and 
their compounds, such as cerium, chromium, cobalt, man- 
ganese, molybdenum, osmium, palladium, titanium, tung- 
sten, and zinc. These elements were to be employed in 
different states of aggregation, such as powder, filings, 
wool, gauze, &c., or in the form of their oxides or other com- 
pounds. They could also be present as mixtures in various 
combinations by weight. To these mixtures, basic sub- 
stances, such as the alkali hydroxides, carbonates, &c., 
could be added to advantage. Various carriers such as 
asbestos, pumice, and magnesium oxide were suggested. 
Poisons, such as sulphur in various states of combination, 
had to be avoided by purifying the reacting gases. Iron in 
any part of the surfaces of the apparatus exposed to the 
reacting gases was also to be avoided. Temperatures which 
are mentioned in the examples given range from 250 to 
420® C. and pressures from 50 to 250 atm. The propor- 
tions of CO: Hi by volume vary from 2:3 to 2: 1. 

It is at once apparent that the specifications mentioned 
in these patents are very broad in their scope and seem 
designed to cover the use as catalysts of practically all 
combinations of the elements and their compounds, with 
the single exception of iron. In succeeding patents [10, 
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1924-5] specific combinations of different catalysts, to- 
gether with details regarding the methods employed in their 
preparation, have been given for the synthesis of methanol 
relatively free from other products in distinction to the 
early patents which claimed mixtures. The notable changes 
which were made in the process in order to obtain pure 
methanol are to be found chiefly in the nature of the 
catalysts used. Instead of the metallic oxide catalyst which 
was promoted by the addition of small amoimts of an 
alkali, catalysts of the same general type but without the 
alkali were proposed. In general mixtures of two or more 
metallic oxides with the more basic one in excess have 
been used. 

Because Sabatier had previously found zinc oxide alone 
to be a good catalyst for the decomposition of methanol, 
Patart [36, 1924-5] examined this substance as a synthetic 
catalyst. It proved to be only very slightly active and 
Patart turned to catalysts consisting of mixed oxides. The 
best catalyst examined comprised a mixture of zinc oxide 
and copper (or copper oxide) with the admixture of com- 
pounds of chromium. The success of the operation was 
found by Patart to be dependent upon the following 
factors: 

(a) The complete elimination of all metals except tin, 
aluminium, and copper from those parts of the plant 
which come in contact with the carbon monoxide in 
the reacting gas. Iron, nickel, and cobalt must be 
avoided because these form carbonyls which decom- 
pose on the catalyst and destroy its activity. 

{b) The catalysts must not contain alkali — otherwise they 
yield a product containing hydrocarbons and higher 
alcohols. 

Audibert and Raineau [2, 1927-8] found that zinc oxide 
gave a 17*5% conversion to methanol at 150 atm. and an 
inlet gas rate of 5,000 volumes (at N.T.P.) per volume of 
catalyst per hour, but that, in common with other single com- 
ponent catalysts, it was very sensitive to temperature and 
suffered rapid loss of activity on overheating. Manganous 
oxide under the same conditions gave a 5% conversion, 
but less than 2% conversion was obtained with zirconium 
oxide, cerous oxide, uranium oxide (UOg), or beryllium 
oxide. Alumina, silica, blue molybdenum oxide, vanadium 
trioxide, blue tungsten oxide, thoria, titania, magnesia, 
lime, barium oxide, and strontium oxide were all found to 
be inert. Catalysts such as metallic iron, nickel, or cobalt 
are also worthless for methanol synthesis because, although 
they are often active in reducing carbon monoxide to 
methanol, they have a more pronounced effect on the fol- 
lowing side reactions leading to the production of methane, 
carbon, carbon dioxide, and water: 

2CO - C+CO, 

CO+3H2-CH4+H30 
2CO |-2Ha - CH4-f COj. 

The most satisfactory methanol catalysts, and also those 
which are apparently now used commercially, consist of 
zinc oxide-chromium oxide. Other effective catalysts are 
zinc oxide-copper oxide and zinc oxide-copper oxide- 
chromium oxide in various ratios. 

Zinc Oxide Catalyst. Brown and Galloway [6, 1928] 
have made an elaborate study of the behaviour of zinc 
oxide as a methanol synthesis catalyst, and have concluded 
(cf. Patart above) that it is much less active than other 
catalysts, such as normal and basic zinc chromates, and also 
short-lived. These investigators prepared their catalyst by 
precipitating hot solutions of zinc nitrate with sodium 
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carbonate and washing it free from nitrate. The moist 
precipitate was pressed into threads. 

A claim has been made that a zinc oxide catalyst for 
methanol synthesis may be prepared which is highly active 
without a promoter, such as chromium oxide, and which 
is not usefully improved by the addition of a promoter. 
According to this procedure zinc carbonate is precipitated 
from a very dilute solution in the presence of protective 
colloids such as starch, saponin, pectin, or hydrated silica. 
Electrolytes are removed by thorough washing and the zinc 
carbonate gel is dried by heating under reduced pressure. 
The conversion to oxide by heating is carried out at 250- 
400° C. [5, 1927]. 

Zinc Oxide-Copper Oxide Catalysts. Of particular in- 
terest with regard to catalysts comprising the mixed oxides 
of zinc and copper is the work of Frolich, Fenske, and 
Quiggle [15, 1928], who found that the most efficacious 
catalyst for methanol decomposition was one prepared by 
co-precipitation of the corresponding hydroxides, as shown 
by the figures reproduced in Table 11. Using such a method 
of preparation the effect of variations in the proportions 
of the two constituents was examined. The results obtained 
(all of which were on methanol decomposition and not on 
methanol synthesis) may be summarized as follows: 

1. The maximum decomposition of methanol and forma- 
tion of carbon monoxide occurs when the zinc oxide is 
present in excess. 

2. Between 40 and 50 mol. % zinc oxide, the mols. of 
carbon monoxide formed per mol. of methanol increase 
about 350%. 

3. The addition of a small amount of zinc oxide to 
copper oxide markedly increases the decomposition of 
methanol. A catalyst composed of 3 mol. % zinc oxide 
and 97 mol. % copper oxide decomposes 26% of the 
methanol, whereas pure copper oxide decomposes only 9% 
under otherwise constant conditions. 

4. A similar promoter effect is observed when a small 
amount of copper oxide is added to zinc oxide. 

5. Copper promoted with zinc oxide especially favours 
the formation of methyl formate, while carbon monoxide 
formation is favoured by zinc oxide promoted with copper. 

Lewis and Frolich [26, 1928] have employed a catalyst 
comprising copper oxide 44® o, zinc oxide 36%, and alu- 
mina 20% in methanol synthesis. The catalyst mixture was 
supported on metallic copper in the proportion of 1 : 3, 
the function of the copper being to minimize local over- 
heating due to the exothermic reaction involved. 

Table II 

Comparative Efficiency of Copper Oxide-Zinc Oxide 
Catalyst prepared by various methods [15, 1928] 

Composition of Catalyst 95 mol. % copper oxide, 

5 mol. % zinc oxide 

I Methanol 
decomposition 

Method of preparation efficiency 

Zinc hydroxide precipitated on suspended 
copper hydroxide ..... 75 

Copper hydroxide precipitated on suspended 
zinc hydroxide 67 

Hydroxide gels mixed .... 83 

Calcined nitrates ..... 70 

Co-precipitation of hydroxides ... 100 

Zinc Oxide-Chromium Oxide Catalysts. During the 
active period of the development of the synthetic methanol 
process zinc oxide and chromium oxide were known to be 


important constituents of active catalysts and were men- 
tioned in the basic patents of 1913 [18, 1913-16]. A con- 
siderable number of more recent patents have specified zinc 
oxide alone or mixtures of these two oxides in various 
proportions, and it may be stated that such mixtures con- 
stitute the most satisfactory catalysts yet developed for 
methanol synthesis. In 1926 G. Patart reported [37, 1926] 
that the best methanol catalysts known to him consisted 
of mixtures of zinc and chromium oxides because these 
gave satisfactory practical yields, are easy to prepare, per- 
sistent in activity, have great insensitiveness to poisons, and 
are easily regenerated. More recently Bone has stated that 
the best methanol catalyst seems to be 3ZnO . 1 Cr 203 to 
which has been added a fractional percentage of copper 
nitrate [4, 1930]. 

The presence of chromium prevents in marked degree 
the loss of activity suffered by catalysts of high zinc content 
when exposed to temperatures somewhat above the opti- 
mum operating temperature. Catalysts in which the mol. 
ratio Cr : Zn -= I 0 have, in fact, shown continuous im- 
provement during an extended period of use at a tem- 
perature above that giving maximum activity [30, 1935], 
although Audibert [3, 1931] has said that the exposure of 
catalysts to temperatures higher than the normal operating 
temperature should at all times be avoided. Lazier has 
claimed [25, 1930], however, that catalysts prepared by 
ignition at 650-1,000° C. are unaffected by use at high 
temperatures. 

With regard to catalyst composition, the most active 
chromium-zinc methanol catalysts are those containing 
excess of zinc. The agreement on this point in the literature 
is very good. Frolich [16, 1928] has stated, ‘probably the 
most interesting fact ... is the necessity of having the more 
basic oxide in excess’. This point is repeatedly emphasized 
in the patent literature, and is also brought out clearly by 
the work of Cryder and Frolich [8, 1929]. These workers 
found that at 350° C. and 204 atm. pressure the maximum 
production of methanol occurred with a catalyst containing 
77 mol. % zinc and 23 mol. % chromium, in which case 
18% of the carbon monoxide was converted. Similarly, in 
methanol decomposition experiments carried out at 340° C. 
and 1 atm. pressure, a maximum yield of carbon monoxide, 
equivalent to 85 % of the methanol converted, was obtained 
with a chromium-zinc catalyst containing 75 mol. % zinc. 
Catalysts richer in chromium gave relatively large yields of 
carbon dioxide and unsaturated hydrocarbons, while those 
richer in zinc tended to produce methyl formate. The 
activity of the catalysts, as indicated by the total quantity 
of methanol decomposed under the conditions employed, 
was a maximum at a catalyst composition of 78 mol. % 
zinc. 

Important experimental work on chromium-zinc cata- 
lysts in methanol manufacture from water gas has been 
published by Morgan, Taylor, and Hedley [33, 1928]. The 
method of testing was to place a quantity of catalyst in 
a heated static reaction vessel, fill the latter with hydrogen- 
carbon monoxide mixture at 200 atm. pressure, and 
measure the time taken for a certain small pressure de- 
crease. As a result of these tests Morgan and his co-workers 
concluded that a catalyst prepared from cither basic or 
normal zinc chromate would probably be efficient for 
methanol synthesis and also that the optimum temperature 
should lie between 350 and 400° C. It was further found 
that, with a catalyst prepared from either normal zinc 
chromate or the basic salt, 3 Zn 0 -Cr 03 , working at 420° C. 
and 200 atm. pressure and a space velocity of 33,300 
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volumes of inlet gas per volume of catalyst per hour, the 
hourly make of liquid organic products was about twice 
the catalyst volume. The liquid was homogeneous and 
contained 95% methanol, 1 % of higher alcohols, and 4% 
of water. The addition of alkaline substances to the zinc 
chromate catalyst favoured the formation of higher alco- 
hols. When varying quantities of cobalt chromate were 
added to the catalyst, methanol remained the main con- 
stituent of the product, but higher alcohols, including ethyl 
alcohol, were produced in appreciable quantities, together 
with small amounts of aldehydes. When mixed catalysts 
were employed containing, in addition to chromium and 
zinc, also cobalt, copper, and manganese, alcohols in addi- 
tion to methyl and ethyl alcohols were identified in the 
products, namely, w-propyl, /?-butyl, and wo-butyl alcohols. 

Important investigations of a similar character have also 
been made by Huffman and Dodge [21, 1929], who carried 
out methanol decomposition experiments at 350° C. with 
catalysts varying in composition from pure zinc oxide to 
pure chromic oxide and prepared by precipitation of the 
hydroxides from solutions of the mixed nitrates by addition 
of ammonia solution. After washing and drying at 110° C. 
the catalysts were reduced by hydrogen at temperatures up 
to 300° C. before being used. It was found that the addi- 
tion of a small amount of chromium oxide to zinc oxide 
caused a decrease in the total decomposition of methyl 
alcohol, contrary to the effect noticed in synthesis experi- 
ments. If, however, only the decomposition into carbon 
monoxide plus hydrogen is considered, the effect is in 
accord with that observed in synthesis experiments. In all 
the decomposition tests catalyst deterioration was marked, 
probably due to the deposition of the heavier decomposi- 
tion products — unsaturated compounds, &c. — on the cata- 
lyst. The results obtained by Huffman and Dodge differ 
in some respects from those of Frolich and his co-workers, 
but the catalyst having the maximum decomposition acti- 
vity was found to have the composition Zn/Cr = 4 0, in 
close agreement with Frolich’s work. 

The most extensive investigation on zinc-chromium cata- 
lysts in methanol synthesis is that of Molstad and Dodge 
[30, 1935], who have examined a very wide series of these 
catalysts over a wide temperature range at a pressure of 
about 180 atm. It was found that the catalyst containing 25 
atomic % chromium and 75 atomic % zinc, both metals 
being initially in the form of oxides, was the most active 
of the series. This observation is in good agreement with 
the above-mentioned results of other investigators. Con- 
tinued testing, however, disclosed that some catalysts were 
affected very differently by high-temperature operation. 
Catalysts containing less than 25 atomic % chromium 
suffered a decrease in activity during use at high tempera- 
tures, while those containing more than this quantity of 
chromium improved. This effect, which is not revealed in 
tests of short duration, indicated that the most active cata- 
lyst of this type was one containing about 50 atomic % 
chromium. This catalyst produces very nearly pure metha- 
nol, appears to be uninjured by long use or by operation 
at temperatures considerably above the normal operating 
temperatures, and has good physical ruggedness. It is pre- 
ferably made by precipitation from a solution of the mixed 
nitrates by ammonia. Catalysts prepared by several 
methods which used chromic acid as the source of chro- 
mium were much less active than those in which the 
chromium was initially in the trivalent form. Molstad and 
Dodge also found by both synthesis and decomposition 
tests that addition of up to 25 mol. % zinc oxide to 


PETROLEUM 

chromium oxide gives a catalyst of lower activity than 
chromium oxide alone. Precipitation of zinc oxide by 
sodium carbonate was found to give a more active catalyst 
than when ammonia was used as the precipitating agent. 
The most active zinc oxide catalyst was made by using 
a slight insufficiency of sodium carbonate. 

Zinc-chromium catalysts in the initial form of chromates 
have also been examined by Brown and Galloway [6, 1928] 
whose results are reproduced in Table III. These workers 
have also shown [7, 1929-30] that di-methyl-ether is an 
important by-product in methanol synthesis when normal 
zinc chromate catalyst is used, but the amount formed is 
small, ranging from 0-7 to 5*2% conversion of carbon 
monoxide per pass. 

Table III 

Results of Brown and Galloway 

Catalyst: Reduced basic zinc chromate. Pressure 180 atm.; 

Temperature, 400'" C. 


Catalyst 

Conditions of reduction 

Vol. 

ml. 

Wt. 

Zinc 

oxide 

content 

g> 

Methanol yield 
g. per hour 

Space velocity 

16,000 

7,500 

1. At 40 atm. of 1 :2 mixture 
of COiHj. Slowly raised 
from 25 to 370“ C. . 

250 

165 

112 5 

129-3 


2. Hydrogen at 1 atm. Reduc- 
tion began at 300° C., but 
temperature uncontrolled 
and allowed to rise to 
450° C 

1 

250 

1 

i 

1 

153 

1040 

89-2 

60-8 

3. Reduced at 275-325° C. at 
] atm. with a mixture of 

5 % hydrogen and 95 % car- 
bon monoxide 

250 

170 

115 5 

106-4 

94-3 


Numerous important references to zinc-chromium me- 
thanol catalysts are made in the patent literature. 

A proposal has been made to prepare such catalysts by 
heating a mixture of zinc carbonate or basic zinc carbonate 
and a chromium compound such as zinc chromate or basic 
zinc chromate. With zinc chromates the heating must be 
effected in the presence of reducing gases [39, 1926]. Smith 
[38, 1926] has suggested the preparation of catalysts from 
a basic zinc chromate of the composition 4ZnO*CrO|, 
while the following methods of preparation have been put 
forward [40, 1926]: 

(a) Precipitation with soda-ash solution of a mixture of 
sodium bichromate or chromate with sulphuric acid 
to which zinc has been added. 

{b) Precipitation with soda-ash solution of the spent 
electrolyte of a bichromate electrolyte cell. 

(c) Precipitation with soda-ash solution of commercial 
basic chrome liquor with added zinc sulphate. 

The proportions of zinc and chromium are preferably 
so chosen that the precipitate contains 70-80 atomic pro- 
portions of zinc to 30-20 atomic proportions of chromium. 
To regenerate these catalysts after use they are dissolved 
in sulphuric acid and precipitated with sodium carbonate 
[41, 1928]. 

4. The Production of Higher Alcohols from 
Water Gas 

The catalysts employed for the synthesis of substantially 
pure methanol from water gas may be modified to give 
products containing valuable quantities of higher alcohols. 
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Usually zinc-chromium catalysts containing alkaline sub- 
stances — e.g. free alkalis — are employed for this purpose. 

Morgan, Taylor, and Hedley [33, 1928] have described 
the preparation of such catalysts, of which the following 
is an example: zinc oxide, 15 parts by weight; potassium 
chromate, 23-5 parts; potassium carbonate, 11-5 parts. The 
catalyst was prepared in the form of granules and tested 
in a static plant at 370^' C. The fall in pressure from an 
initial pressure of 200 atm. was 60 atm. in 75 sec. and 
90 atm. in 6 min. In a circulatory apparatus and at low 
gas velocities the product separated into two layers, and 
the lower the gas velocity the greater was the proportion 
of the upper layer of partially miscible alcohols and esters. 
An examination of the composition of this product showed 
it to contain methanol and higher alcohols mixed with 
esters and free acids. Morgan, Hardy, and Proctor have 
dealt with alkalized catalysts in greater detail in a more 
recent publication [32, 1932]. A basic catalyst, containing 
a mixture of chromium and manganese oxides in molecular 
proportions, was impregnated with various amounts of the 
hydroxides of the five alkali metals, and these alkalized 
catalysts were tested in the methanol synthesis reaction. 
The results of these tests are reproduced in Table IV. 


was the most efficient alkali for impregnating the iron chips 
which they used as catalyst for the production of ‘synthoF. 
These rubidia- and caesia-impregnated catalysts exhibited 
fairly long periods of initial activity during which the yield 
of product was as much as 20% higher than normal, but 
the initial high yields gradually decreased and, after a few 
hours, reached a steady value. A chromium-manganese 
catalyst containing 15% of rubidium was also used without 
giving any appreciable decrease in yield of liquid product, 
of which a large quantity was prepared and examined in 
detail. The products identified included methanol, a trace of 
ethyl alcohol, propanol and isobutanol, 2-methyl butanol, 
2-methyl pentanol, and 2-3-dimethyl pentanol. Aldehydes 
were also detected, including formaldehyde, propaldehyde, 
hydroxyaldehydes, and unsaturated aldehydes. 

Higher alcohol-producing catalysts work at slightly higher 
temperatures (about 400° C.) than those producing mainly 
methanol. 

Morgan, Taylor, and Hedley [33, 1928] have also used 
cobalt-containing catalysts for higher alcohol production, 
since the successful use of this element by Fischer and 
Tropsch [13, 1926], in the production of hydrocarbons 
from carbon-monoxide and hydrogen, suggested that it had 


Table IV 


Impregnating 
alkali expressed 
as combined metal 

Vo by 

weight im- 
pregnating 
material 

Vo gas 

converted 

per 

passage 

Yield of 
product^ 
g. per hr. 

Density 

of 

product 

Carbon 
content 
of crude 
product^ 

% 

Methanol 
in pro- 
duct. % 

Carbon 
present 
as com- 
pounds 
other than 
methanol. 

7o 

Conver- 
sion of 
carbon 
into com- 
pounds 
other than 
methanol, 
g. per hr. 

Volume of 
material 
insoluble 
in CaClj 
solution 
{c.c. per 

100 g.) 

Yield of 
material 
insoluble 
in CaCIf 
solution 
(c.c. per 
hour) 

None 


3 5 

62 

0-8235 

34-7 

80-5 

13-0 

2-8 

0-3 

0-2 

Lithium 

3-4 

2-7 

47 

0-8265 

36-8 

76-9 

21-7 

3-8 

3-55 

1-7 


6-7 

2*6 

45 

0-843 

34-7 

73-7 

20-3 

3-2 

6-26 

2-8 


101 

2-3 

40 

0-834 

35-8 

71-7 

24-9 

3-6 

4-42 

1-8 

Sodium 

2-8 

24 

43 

0-855 

35-7 

63-9 

32-9 

5-0 

128 

5-5 


63 

1-2 

21 

0 883 

33-2 

55-0 

37-9 

2-6 

14-4 

30 


9-8 

10 

17 

0893 

31-0 

50-1 

39-4 

2-1 

1405 

2-4 

Potassium 

1-5 

2-7 

47 

0-8175 

36-7 

81-8 

16-4 

2-8 

0-63 

0-3 


3-9 

2-2 

39 

0-8505 

370 

60-8 

38-4 

5-5 

12-8 

5-0 


4.9 

1-9 

33 

0-8775 

37-0 

50-7 

48-6 

5-9 

21-5 

7-1 


5-7 

1-6 

29 

0-8815 

348 

53-0 

42-9 

4-3 

18-6 

5-4 


8-4 

14 

24 

0-8985 

346 

52-2 

43-4 

36 

17-5 

4-2 


11-9 

1-5 

27 

09085 

34-2 

490 

46-3 

4-3 

23 0 

6-2 

Rubidium 

2*3 

3 4 

61 

0-8325 

36-8 

75-5 

23-1 

5-2 

462 

2-8 


4.4 

3-5 

62 

0847 

37-7 

67-2 

33-1 

7-7 

17-8 

8 8 


9-8 

30 

53 

0-881 

34-5 

49-7 

460 

8-4 

28-7 

15-2 

Caesium 

1-8 

3-5 

62 

0825 

35-3 

79-5 

16-2 

3-6 

1-53 

10 


3-8 

30 

53 

0-818 

37-9 

82-1 

18-8 

3-8 

1-58 

0-8 


8*9 

3-3 

58 

0-849 

38-2 

63-7 

37-5 

8-3 

16-4 

9-5 


The percentages of carbon present as compounds other 
than methanol and the volumes of material insoluble in 
calcium-chloride solution show that the percentage of 
higher alcohols in the liquid product increases as the alkali 
content of the catalyst is raised. Impregnation with lithium, 
sodium, or potassium hydroxide diminished the yield of 
liquid product in amount proportional to the concentra- 
tion of alkali in the catalyst, while rubidium or caesium 
hydroxide had little effect upon the output. From this it 
followed that catalysts containing rubidium or caesium 
gave the highest conversion to higher alcohols, and, as will 
be seen in Table IV, the catalyst containing 9-8% of rubi- 
dium gave the greatest yield of these compounds. These 
observations are in agreement with those of Fischer and 
Tropsch [11, 1924], who found that rubidium hydroxide 


the special property of linking carbon atoms together. 
A catalyst prepared from cobalt nitrate and basic zinc 
chromate effected the production of a whole series of higher 
alcohols, although methanol remained the major portion of 
the product. Some results on cobalt catalysts are as follows : 




Products 


Catalyst 

Temp. 

"C. 

Methanol 

% 

Higher 

alcohols 

% 

Water 

% 

Basic zinc chromate-}- 10% 





cobalt chromate 

400 

82 

90 

80 

Basic zinc chromate + 10% 

1 




cobalt chromate . 

450 

90 

1-6 

8-4 

Basic zinc chromate -f 5% 





cobalt chromate . 

400 1 

88-5 

50 

6-5 
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Fractional distillation of the higher alcohols produced with 
the first catalyst showed that four-fifths of this portion of 
the product consisted of //-propanol and isobutanol, the 
latter slightly predominating. The remaining fifth con- 
sisted of a mixture of alcohols boiling mainly at 1 15-16° C. 
Experiments with a catalyst made from a mixture of 2 parts 
cobalt nitrate, 1 part zinc manganate, and 0*7 part copper 
carbonate gave a product of the following composition (on 
a water-free basis): aldehydes 1-4, methanol 79-7, ethanol 
11*6, higher alcohols 7*3. The amount of water formed 
was 40% of the crude product. 

Using a catalyst made from a mixture composed of zinc 
oxide 10 parts, chromic acid 20 parts, cobalt nitrate 60 
parts, and copper carbonate 10 parts, a product was ob- 
tained containing 45 % of water. Alcohols were present in 
the product in the following proportions: methanol 77, 
ethanol 20-3, higher alcohols 2-7. 

The Production of Ethyl Alcohol from Water Gas. The 
production of ethyl alcohol by the catalytic treatment of 
water gas has been a matter of some controversy, but 
recent work by Morgan and his co-workers at the Chemical 
Research Laboratory, Teddington, England, and by others, 
has demonstrated that this very valuable material may be 
produced in quantity by this method. Taylor [42, 1934] 
has shown that, at 175-200 atm. pressure and 380-435° C., 
in the presence of a catalyst comprising 0 05 mols. cobalt 
oxide added to 1 mol. of copper oxide and 1 mol. of 
manganese oxide, 12% of the carbon monoxide reacting 
is converted into ethyl alcohol, and at the same time 47% is 
hydrogenated to methane. Catalysts containing cobalt 
sulphide were found to give the highest conversions to 
ethyl alcohol, the optimum catalyst composition being a 
10:10:1 molecular mixture of copper oxide, manganese 
oxide, and cobalt sulphide. At 400° C. and 200 atm. pres- 
sure this catalyst gave a product, the carbon distribution 
in which was: methanol 17%, ethyl alcohol 22%, higher 
alcohols 11%, and methane 47%. 

KJyukvin, Voinov, and Karpinskii [24, 1934] have em- 
ploy^ zinc oxide-cobalt oxide catalysts of 3 : 1 mol. ratio 
composition at 120 atm. pressure and 320-30° C., and have 
claimed a 39% yield of ethyl alcohol, in addition to higher 
alcohols, under these conditions. 

(a) Nature of the Higher Alcohols Produced. 

The nature of the higher alcohols produced by this pro- 
cess, as well as their quantity, is, of course, a function of 
both the catalyst employed and the operating conditions. 
Mittasch [28, 1926] states that the following alcohols are 
produced: methanol, ethanol, //-propanol, isobutanol, 
‘amyl’ alcohol b.p. 128°, hexanol b.p. 148°, heptanol b.p. 
160-5°, and octanol b.p. 180° C. He also states that the 
predominant higher alcohols appear to be of the type 
CHRR'— CHjOH. 

The product from a 15% rubidium catalyst, operating 
at 400° C. and at 200 atm., with a space velocity of 53,000 
reciprocal hours and an inlet gas composition of 2 volumes 
of hydrogen to 1 volume of carbon monoxide, has been 
fully examined by Morgan, Hardy, and Proctor [32, 1932] 
with the following results: 

The product was distilled and collected in two fractions 
after being refluxed with magnesium oxide to fix the acid 
constituents. In this way was obtained 

B.p. up to 85® C, 67% by weight. 

B.p. above 85° C, 23 % „ , containing 45 % 

non-aqueous material. 


The distillate boiling up to 85° C. contained methanol, 
62%, and ethyl alcohol, 21%. The residue boiling above 
85° C. was fractionated after the removal of aldehydes, 
acetates, &c., with the following results: 


B.p. 80-103° C. . 





5*8% 

103-12*5° C. 





9 0% 

1 12-22*5° C. 





1-4% 

122-5-127° C. . 





1-3% 

127-31° C. 





0*9% 

131-3° C. . 





2*1% 

133-6° C. . 





0*4% 

136-42° C.. 





2-8% 

142-5° C. . 





1*9% 

145-50° C. . 





1*4% 

72-88° C./40 mm. 





10*2% 

88-93° C./40 mm. 





8*7% 

80-105° C./IO mm. 





105% 

105-14° C./lOmm. 





9*5% 

114-22° C./lOmm. 





3-2% 

Residue 





30*9% 


The following alcohols were identified in the appropriate 
fractions: isobutanol, //-butanol, 2-pcntanol, 2-hexanol, 
and 2-3-dimethyl pentanol. 

The properties of the 85-162° C. fraction of the higher 
alcohols produced at the Belle plant of the Du Pont Am- 
monia Corporation have been given as follows [19, 1931]: 


Boiling range 


85-129° C. 

. 3*5°^bywt. 

162-5° C. . 

. 0*3% 

by wt. 

129-32° C. 

. 25*1% .. 

165-70° C. . 

. 10% 

>> 

132-8° C. . 

. 18*7% „ 

170-5° C . 

. 10% 

»» 

138*42° C. 

. 1M% „ 

175-80° C. . 

. 14% 


142-7° C. . 

. 20*1% 

180-5° C. . 

. 0*3% 

»» 

147-52° C. 

. 5*9% „ 

185-91° C. . 

. l'0°/o 

»» 

152-8° C. . 

. 3*1% „ 

191-6° C. . 

. 0*3% 


158-62° C. 

. 5*9% „ 

Residue 

. 0*2% 

»» 




98*9% 



The primary alcohols were separated by esterification 
with phthalic anhydride in benzene solution. The resulting 
monophthalates were saponified with caustic soda and the 
liberated primary alcohols removed by steam distillation. 
Of the crude product 48*5% consisted of primary alcohols, 
while the unesterified fraction was found to be quite free 
of acids, esters, ketones, olefines, and other hydrocarbons 
and also tertiary alcohols, and, therefore, consisted of 
saturated secondary alcohols. The primary alcohols were 
separated by fractional distillation in a 4-ft. column, | in. 
in diameter, packed with crystalline silicon carbide and 
operating at a reflux ratio of 10:1, and the substances 
detailed in Table V were identified. 


The secondary 

alcohols distilled as follows: 


Below 120° C. . 

. 5*3% 

153-60° C. 

. 0*6% 

120-34° C. . 

. 3*0% 

160-1° C. . 

. 0*5% 

134-9° C.° . 

. 35*3% 

161-5° C. . 

. 0*9% 

139-44° C. 

. 3*0% 

165-9° C. . 

. M% 

144-53° C. . 

. 0*8% 

169-74° C.. 

. 0*5% 


510% 


The 134-9° C. fraction gave, on refractionation, a sub- 
stance b.p. 137-8° C., which analysis showed to be a hep- 
tanol (m.w. 113, 73-3% C, 131% H). Its identity was 
proved by comparison to be 2-4-dimethyl 3-pentanol. Iso- 
propanol was not isolated but identified by oxidation to 
acetone; it was only present in very small amounts. 
2-methyl 2-butanol, 3-methyl 2-butanol, 3-pentanol, 2- 
pentanol, and 2-mcthyl 3-pentanol were also identified. 

Mechanism of the Formation of Higher Alcohols from 
Water Gas. 

As may be expected, there is some divergence of opinion 
regarding the course of the reactions which would serve 
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Table V 


Primary Alcohols in Higher Alcohols produced by the Du Pont Ammonia Corporation [19, 1931] 



Boiling-pointy ° C. 

Neutralization 
equivalents of 
3-nitro-phthalate 

Melting-point of 
3-nitro-phthalatey ° C. 


Weight y 

Substance 

Found 

Literature 

Found 

Calculated 

of 

substance 

of known 
material 

melting- 
pointy ° C. 

of higher 
alcohol 

2-Methyl 1 -butanol 

128-30 

129 5 

296 

295 

156 

157 

i 1567 

17-3 

2-Mcthyl 1-pcntanol . 

145-7 

146-5 

300 

295 

141 

145 

143 

166 

2-4-Dimethyl 1-pentanol 

153-8 

159-61 

310 

309 

152-3 

154-5 

1 152-3 

1 2-3 

4-methyl 1-hexanol 

162-4 

165 

312 

309 

140 

144 

141 

3*3 

2-4-Dimethyl 1-hexanol 

173-5 

175-80 

1 321 

: 323 

132 



10 

4- or 5-Methyl 1-heptanol . 

180-3 

1 182-7 

327 

' 323 

1 133 



0*3 


to explain the formation of alcohols of high molecular 
weight from mixtures of carbon monoxide or carbon di- 
oxide and hydrogen. One of the earliest suggestions was 
that of Fischer and Tropsch [12, 1924], who, in their early 
work on ‘synthol’, isolated and identified, besides methanol 
and higher alcohols, various amounts of acetaldehyde, pro- 
pionaldehyde, acetone, methyl-ethyl-ketone, diethyl-ketone 
and methyl normal propyl ketone, as well as esters and 
hydrocarbons. These investigators suggested that the 
higher alcohols are formed by reduction of aldehydes, 
which result from the reduction of acids, which in their 
turn result from the addition of carbon monoxide to the 
alcohol containing one less carbon atom, thus; 

QHjOH -> QHfiCOOH, 

CaHjCOOH CoHjCHO, 

QHfiCHO QH^CH.OH. 

This mechanism, however, only accounts for the forma- 
tion of normal primary alcohols. Ketones were supposed 
to result from the loss of water and carbon dioxide from 
2 molecules of fatty acid, thus: 

CHjCOOH fCHaCOOH CHjCOCH, f H 3 O + CO 2 . 

Ketones have also been regarded as dehydration pro- 
ducts of secondary alcohols. 

A more recent hypothesis concerning the formation of 
higher alcohols is that involving the occurrence of a series 
of aldol condensations starting with formaldehyde [31, 
1930]. According to this scheme, 2 molecules of formal- 
dehyde condense to give CHjOH CHO, which is hydro- 
genated to give acetaldehyde and water. The acetaldehyde 
is then reduced to ethyl alcohol or then condenses with 
a further molecule of formaldehyde or acetaldehyde to give 
hydroxy-aldehydes of higher molecular weight, which 
would, in turn, be hydrated and reduced. The series of 
reactions involved are as follows: 

2HCHO - H,C(OH).CHO. 

H,C(OH)CHO + H, = CH,CH0 + H,0. 

CH,CHO+H. - CH,CH,OH. 

HCH04-CH,CH0 = CH,(OH) • CH.CHO. 

CHa(OH)CH,CHO + H, - CH. CHa CHO + H,0. 

CH.CHaCHO + Ha - CH, CHa CHaOH. 

and so on. 

It will be noticed that according to this scheme, straight- 
chain alcohols should be formed. Provision is made for 
the production of branched-chain alcohols by a condensa- 
tion involving 2 molecules of formaldehyde and 1 of 
acetaldehyde to give the product ^|COH)j|CH CHO, 
which, after dehydration and reduction, would give iso- 
butanol, thus: 

IV F 


CHatOHK 

2 H • CHO I CH3 • CHO - >CH • CHO 

CHa(OHr 

CHaOHv. CHav 

Vh CHO + 3H2 -> >CH CHaOH + 2 HaO 

CHaOR/ CU/ 

The above aldol condensation mechanism for the forma- 
tion of higher alcohols is widely accepted, but the non- 
existence of normal butanol in the products examined by 
Graves [19, 1931] has led this investigator to doubt its 
validity. 

A mechanism involving progressive dehydration has also 
been proposed by Frolich [17, 1931], suggesting that the 
dimethyl ether observed to be a reaction by-product, repre- 
sents an intermediate step in the production of its isomer 
ethanol. Similarly, methanol and ethanol would be de- 
hydrated to ethyl methyl ether, and this would rearrange 
to give normal propanol, thus: 




CH 3 OH fCHaOH-^ 

>0 -> CH.CHjOH. 

CH/ 




CH,OH + QH»OH-> 

>0 -> QH.CH.OH, 

C^H/ 



Frolich has also pointed out that one would expect the 
aldehydes to be converted to esters by addition and re- 
arrangement. Esters have actually been isolated in higher 
alcohol fractions. 

Similar condensations of aldehydes to higher alcohols, 
to give a series of aldol condensations and hydrogenations, 
have been assumed to explain the formation of these bodies 
and also higher esters in the catalytic condensation of 
acetaldehyde in the presence of hydrogen, carried out by 
Adkins, Kinsey, and Folkers [1, 1930], but, in these experi- 
ments, the yields of esters have always been greater than 
those of the higher alcohols. 

The formation of these same higher alcohols by heating 
the lower alcohols with alkali has been reported by several 
investigators, including Guerbet [20, 1901-2], who has 
reported that methanol does not condense in this way 
but that the higher alcohols react with increasing ease. 
It would appear that such condensations always involve 
a hydrogen atom attached to the j3-carbon atom, giving a 
series of primary alcohols, thus: 

CH, CH,OH+CHa CH,OH CH.CHtCHiCHjOH (/^butanol). 

The above hypotheses concerning the production of 
higher alcohols from carbon monoxide and hydrogen have 
recently been critically examined by Graves [19, 1931] in 
the light of experience gained with the higher alcohols pro- 
duced in the Du Pont Ammonia Corporation methanol 
plant, the compositions of which have already been given, 
f 
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According to Graves the direct dehydration mechanism 
proposed by Guerbet (loc. cit.) offers a simple and satis- 
factory explanation of the formation of normal propanol, 
isobutanol, and 2-methyl butanol, which are present in the 
Du Pont product, but the presence of esters has riot been 
demonstrated therein, although the low-boiling fractions 
contain traces of aldehydes and ketones. These latter com- 
pounds, however, have always been looked upon by Graves 
as dehydrogenation products of the alcohols rather than 
as residual intermediates produced by aldol condensations. 
The small amounts of saturated and unsaturated hydro- 
carbons which have been identified in the low-boiling frac- 
tions are considered to be dehydration products of the 
alcohols. Compared with the higher alcohols themselves, 
all of these other materials are only found in traces. 

Graves has, therefore, proposed the following: 

1. Higher primary alcohols are formed by intermolecular 
dehydration of two lower alcohol molecules. 

2. Dehydration may involve a hydrogen atom attached 
to the carbon atom of methanol, thus: 

(а) CH,OH+CH,OH-vCH, CH,OH. 

(б) CH, CH,OH + CH,OH->CH,CH.CH,OH. 

but such a reaction is slow compared with one in- 
volving a hydrogen atom attached to the ^-carbon 
atom. Thus the reactions 

(c) CH,OH + H CH,CH,OH->CHaCH,CH,OH (n-propanol). 
and 

(d) CH,OH+CH, H CH CH,OH-^CH, CH CH, CHtOH 

(isobutanol) 

take place, whereas the reactions 

(f) CH,CH,CHiOH+HCH,OH -h- CH,CH,CH|CH,0H 

(/i-butanol) 

and 

CO CH,CH(CHJCH,OH + HCH,OH 

-^►CH,CH(CH,)CH,CH,OH (isoamyl alcohol) 

do not occur. 

3. Condensation takes place with difficulty on a CH| 
group, as instanced by the failure of the reactions 

(g) CH, CH|OH+HCH,CH,OH CH, CH,*CHrCH,OH 

(/i>butanol) 

and 

(0 CH,CH,CH,OH + HCH,CH,OH 

-*-CH,CH,CH,CH,CH,OH (/i-pcntanol) 


and does not take place on a CH group, as instanced 
by the failure of the reaction 

(i) CH,OH + CH,CH(CH,)CH,OH (CH.)C • CH.OH. 

Most of the higher alcohols result from a condensation 
on a CH 2 group. 

In order to explain the formation of secondary alcohols 
the hypothesis is extended to include a dehydration in- 
volving a hydrogen atom attached to the carbon atom 
holding the OH group. 

5. Raw Materials for Methanol Synthesis 

Water gas is the most common source of the carbon 
monoxide and hydrogen used for methanol synthesis. The 
preparation of water gas from coke and also by catalytic 
processes applied to natural gases is fully described else- 
where. The relative proportion of carbon monoxide and 
hydrogen may be varied from those in which these gases 
are found in water gas, by means of the well-known water- 
gas catalytic process in which carbon monoxide is con- 
verted to carbon dioxide by the action of steam. The 
carbon dioxide may then be removed by simple water- 
washing. This process enables gas mixtures of any desired 
carbon monoxide/hydrogen ratio to be obtained, particu- 
larly those containing an excess of hydrogen. Gases con- 
taining carbon dioxide may also be employed in methanol 
synthesis. A recent development is the production of 
methanol at synthetic ammonia plants, where the methanol 
synthesis reaction is used as a means of carbon monoxide 
removal from the gas passing to the ammonia synthesis, 
thus partly replacing the methods of carbon monoxide 
removal involving scrubbing with copper-ammonium solu- 
tions or catalytic conversion to carbon dioxide. Coke oven 
gas is often employed as a source of hydrogen. It may also 
be used as a raw material for methanol synthesis, as shown 
by Osterreith and Dechamps [35, 1933], The high methane 
content of the gas may be converted to carbon monoxide 
and hydrogen by well-known processes. 

6. Methanol Synthesis Plant 

This is fully described in the literature and, in particular, 
reference should be made to The Design and Construction 
of High Pressure Chemical Plant, by H. Tongue, Chapman 
Sl Hall, Ltd., London. 
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THE SOLUBILITY RELATIONSHIPS OF MIXTURES OF 
GASOLINES, BENZOLES, ALCOHOLS, AND WATER 

By D. A. HOWES, Ph.D., B.Sc., A.M.Inst.P.T. 

Anglo-Iranian Oil Company Ltd, 


The solubility relationships of the above mixtures are of 
supreme importance with regard to the use of methanol 
and ethyl alcohol as motor-fuel components. Marketed 
fuels must be stable against phase separation which is liable 
to be caused by temperature differences and by the adventi- 
tious addition of water. 

The Solubility of Methanol in Hydrocarbons and 
Typical Gasolines 

Methanol suffers from the great disadvantage that there 
are few petroleum gasolines with which it is miscible in all 
proportions at ordinary temperatures, even when it is 
perfectly dry, whereas anhydrous ethyl alcohol is perfectly 
miscible with all gasolines at the same temperatures. This 
one fact limits the use of methanol as a fuel constituent 
very seriously and will probably prevent its use in a blended 
form on a large scale. 

The solubility of methanol in any hydrocarbon is a func- 
tion of (a) temperature, (b) the molecular configuration and 
physical properties of the hydrocarbon, and (c) the presence 
of water. In general, the lower the temperature the more 
narrow are the limits of miscibility between the two, while 
the presence of even very small amounts of water reduces 
miscibility to a very marked extent. Of the four main classes 
of hydrocarbons, namely, paraffins, naphthenes, aromatics, 
and unsaturateds, methanol is soluble to the least extent in 
the normal paraf^s and to the greatest extent in the aro- 
matics and is, in nearly all cases, more soluble in un- 
saturateds than in naphthenes. This generalization is only 
true, however, when comparing hydrocarbons of the same 
boiling-point, for in all classes of hydrocarbons, the solubil- 
ity of methanol decreases with rise in the hydrocarbon 
boiling-point and molecular weight. Thus, methanol is 
more soluble, at a given temperature, in normal pentane 
than in normal heptane: similarly, it is more soluble in 


cyclohexane than in the substituted cyclohexanes and more 
soluble in low-boiling olefines than in high-boiling aro- 
matics. It is also noteworthy that methanol is more soluble 
in branched chain-paraffins than in the normal homologues. 

Table I gives some recently published figures for the 
solubility of methanol in hydrocarbons which support the 
above conclusions [7, 1933]. The fact that methanol has 
a lower solubility in pure normal heptane, ex Pinus 
Sabiniana [2, 1927], than in a technical grade of normal 
heptane is accounted for by the fact that the latter contains 
naphthene impurities. 

From the figures given in Table I, it is evident that no 
definite relationship exists between the aniline point of a 
hydrocarbon and its solvent power for methanol. It will be 
noticed, however, as a very approximate guide, that, in 
general, the lower the aniline point, the higher the methanol 
solubility. 

Data on the solubility of methanol in typical English 
market gasolines, benzole mixtures, aviation spirits, cracked 
spirits, &c., is given in Table II, which indicates that: 

(a) With the exception of benzole mixtures, methanol is 
only soluble in gasolines to a negligible extent at a tempera- 
ture of — 10° C. Therefore the addition of a blending agent, 
or substance to promote miscibility, is always necessary. 

{b) In the case of cracked spirits, an olefine content of 
20% has a negligible effect upon methanol solubility. (This 
would appear contrary to the evidence given in Table I, 
but it is probable that the unsaturated hydrocarbons 
present in cracked spirit have a high average boiling-point 
and, consequently, have no effect upon the methanol 
solubility.) 

(c) Reduction in average boiling-point causes a greater 
increase in methanol solubility than the presence of olefines 
in quantities such as are normally met in cracked spirits. 

(d) Methanol is more soluble in benzole mixture K, 
which contains 53 % of total aromatics and 30% of benzole 


Table I 


Solubility of Methanol in Various Hydrocarbons at —20'' to +20° C. 


Hydrocarbon 

Aniline 

point 

"C. 

Methanol solubility ( % vol.) 

-20^ C. 

-70" C. 

0" C. 

+ 70" C 

+20" C. 

n-Pentanc* 


3*2 

43 

7*1 

12-8 

Completely 







miscible. 

Iso-pentane* 


3-7 

5-6 

9*9 

Completely miscible. 

ii-Hexane* 

570 

2*4 

3 6 

5*6 

9 1 

24*7 

ii-Heptane* 

689 

09 

1-9 

3*0 

4*5 

6*7 

n-Heptane (pure) .... 

69*7 

04 

M 

19 

2*8 

4 1 

2,2,4-Triracthyl pentane 

79*6 



2 1 

3 9 

5*1 

C^dohexane 

310 



Cydohexane crystallizes out. 


Methyl cydobexane .... 

41 0 


14 

2*1 

3*1 

41 

Cydohexane 

-200 

lA 

11*8 

24-2 

Completely miscible. 

Di-isobutylene .... 

32-2 

. . 


Miscible in all proportions. 


Octene-l and -2 mixture 


. . 

20*7 

.. 

.. 


Trimethyl ethylene .... 

no 

. . 


Miscible in all proportions. 


Amylene mixture .... 

140 

. . 


>> 



Diethyl methyl ethylene 

-400 



»» 




* Impure samples. 
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Table n 

The Solubility of Methanol in Various Gasolines. 



Sp. gr. 
I5I15'‘ C. 

Aniline 

point, 

®C. 

M/J- 

point, 

® C. 

% 

Carbon 

V 

Hydro- 

gen 

% 

Un- 

saturateds 

% 

Aro- 

matics 

Naph- 

thenes 

V 

/o 

Paraffins 

Methanol solubility 
% voL 

C. 

O^C. 

English market spirit A 

0*7390 

48*8 


85*50 

14*5 

3*0 

150 

33 0 

490 

05 

2*4 

i> )t B . 

0*7377 

46*5 

120 

85*41 

13 93 

17*0 

200 

13 0 

50*0 

10 

3*85 

»» ,, C . 

0*7283 

57*1 


84*41 

14 52 

90 

140 

220 

550 

10 

3*85 

»» »» • 

0*7334 

48*2 


84*97 

1462 

3 0 

120 

41*0 

440 

05 

29 

** »« L • 

0*7307 

46*6 


84*84 

14*43 

20 

19*0 

25*0 

54*0 

0*5 

2*4 

»t ,, F . 

0*7191 

52*1 


85*19 

14*24 

90 

13 0 

19 0 

59*0 

2*4 

3*4 

»* „ G . 

0*7570 

47*7 


85*51 

14*41 

100 

100 

53*0 

27*0 

05 

10 

M „ H . 

0*7559 

47*7 


85*14 

14*34 

120 

100 

490 

290 

0*5 

1*0 

Market benzole mixture K . 

0*7774 

206 


86*92 

12*55 

10 

53*0 

90 

37*0 

lyi 

40*2 

Benzole mixture L 

0*7609 

26*7 




60 

36*0 

23*0 

35 0 

15*0 

43 0 

Casing-head gasoline M 

0 6711 


59 

8^03 

15*93 

10 

3*0 

41*0 

55*0 

2*4 

3*3 

Aviation spirit N 

0*7165 

50*5 

94 

84*57 

1492 

20 

120 

560 ! 

300 

2*5 

4*0 

Cracked spirit O 

0*7738 


156 



20*0 

340 

260 

45*0 

1*5 

3*5 

M „ P • . 

0*7529 


138 



13*0 

160 

26*0 

45*0 

20 

21 

Mid-Continent straight run . 

0*7388 

56*3 

122 



40 

90 

35*0 

52*0 

0 5 

2*1 

California straight run 

0*7564 

50*2 

125 



3*0 

8 0 

61*0 

28*0 

05 

26 

Spirit R . . . . 

0*7670 

30*3 

112*5 

85*96 

13*81 

3*0 

260 

550 

160 

2*4 

3*3 

» S . 

07958 

1 18*7 

128*5 



3 0 

41*0 

44*0 

120 

4*3 

5*2 

T . 

0*7786 

1 47*0 

144 



nil 

9*0 

91 0 

nil 

10 

1*0 

„ V . 

1 

1-16 0 

160 



2*0 

63 0 

260 

9 0 

194 

300 

W . 

! 

; 39 6 

150 



10 

14 0 

52 0 

33*0 

10 

2*2 


than in spirit V, which contains 63 -2% of aromatics. The 
reason for this is shown later. 

(e) Methanol has the same solubility at — 10° C., in 
casing-head gasoline M, of mid-point 59° C. and aromatic 
content 2*7%, as in spirit R, which contains 25*8% aro- 
matics. This illustrates the importance of volatility upon 
methanol solubility and shows that the high-boiling aroma- 
tics do not affect the methanol solubility to any marked 
extent. 

Blending Agents for Methanol-Petrol Mixtures 

Aromatic Hydrocarbons. In order to make homogeneous 
mixtures of methanol and gasolines, resort must be made to 
blending agents, substances which function in this way 
because of their mutual solvent power upon both methanol 
and gasolines. Numerous blending agents are known, but 
hardly any of these can be considered of commercial 
value because they must be used in comparatively large 
quantities. 

As already shown, methanol is completely miscible, at 
ordinary temperatures, with benzene or benzole; therefore, 
a gasoline to which benzole has been added dissolves a greater 
amount of methanol than it does by itself. All other aro- 
matic hydrocarbons act in the same way, but to greatly 
varying extents; their efficiency, in this direction, falling 
off very rapidly with rise in boiling-point and molecular 
weight. This is illustrated in Fig. 1, which shows the 
solubility of methanol at 0° C., in blends of benzene, 
toluene, xylene, para-cymene, and cyclohexene, with 
aromatic free petroleum ether of boiling range 100-120° C. 

Thus, to dissolve 10% by volume of methanol in this 
petroleum ether, the following amounts of the hydro- 
carbons used as blending agents are required: 

Vohy 

vol. 


Benzene . . 21*6 

Toluene .... 300 

Xylene .... 34-7 

Para-cymene .50 0 

Cyclohexene . 37 2 


Or, expressed in another way, 20% by volume blends of 


the hydrocarbons in the petroleum ether dissolve the follow- 
ing amounts of methanol (at 0° C.) : 

Solubility of Methanol 
(% by vol.) 


80% Petroleum, Ether -1-20% Benzene . . 7-8 

80% „ -1-20% Toluene . . 4-7 

80% „ „ -1-20% Xylene . . 3-1 

80% „ , -4-20% Para-cymene . 2-3 

80% „ ,, -f 20 % Cyclohexene . 4-7 


Benzene is, therefore, by far the most efficient blending 
agent of the aromatic hydrocarbons. It will be observed 
that the cyclic unsaturated hydrocarbon, cyclohexene, is 
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Fig. 1. Solubility of methanol at 0® C. in blends of pure hydro- 
carbons and petroleum ether. 


more efficient as a blending agent than para-cymene in all 
concentrations up to 50%, and more efficient than xylene 
in all concentrations up to 35 %. The relative efficiencies of 
the aromatic hydrocarbons as blending agents for methanol- 
petrol mixtures are also evident from Fig. 2. 

Such considerations as these adequately explain why 
there is no definite relationship between the aromatic 
hydrocarbon contents of gasolines and the solubility of 
methanol therein. 
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HEPTANE METHANOL 

OR 

ISO’ OCTANE 

Fio. 2. Relative efficiencies of the aromatic hydrocarbons as blend- 
ing agents for methanol-paraffin hydrocarbon mixtures. 

Thceffectof temperature upon the solubility of methanol, 
in any gasoline, or upon the amount of blending agent 
required to produce miscibility, is very marked. Thus 


MOTO^ tCNlOU 



IRANIAN mCTHANCC 


Fio. 3. Miscibility relationships of the system Iranian spirit-motor 
benzole-methanol at temperatures ranging from -I- 1 5° C. to + 50"* C. 

Fig. 3 shows that, in the case of an Iranian spirit, to hold 
10% of methanol in solution, there is requir^: 


9-5 % of benzole at 

+ 15® C. 

180% 


0® C. 

23 0% 


-10® C. 

28 0% „ 


- 20® C. 

35 0% „ 


-30® C. 

380% „ 


-40® C. 


Other Btending Agents. As in the case of wet ethyl 
alcohol-gasoline mixtures, there are other substances much 
more effective than benzole in promoting the miscibility of 
methanol-gasoline mixtures, and substances effective in the 
first case are also effective in the second case. Moreover, 
their relative eflSciencies are usually the same in each cascr 
The compounds most effective in this direction are the 


PETROLEUM 

higher boiling alcohols and cyclohexanol. Anhydrous 
ethyl alcohol can also be used as a blending agent for 
methanol-gasoline mixtures, but wet alcohol is of no value in 
this direction. Miscibility curves for the system methanol- 
ethyl-alcohol-gasoUne are shown in Fig. 4, in which the 
spirit referred to is typical of those sold on the English 
market during 1932. 


HUCOhOC 



Fig. 4. Efficiency of ethyl alcohol of various strengths as a blending 
agent for methanol-Iranian spirit mixtures at — 10“" C. 


Absolute ethyl alcohol has an advantage over benzole 
as a blending agent in that smaller quantities of it are 
required, and it is of interest to note, as shown in Fig. 5, 
that the maximum requirement of ethyl alcohol is at a 
methanol concentration of 40%, whereas more benzole is 
required to give miscibility to a 20% methanol blend than 
to a 40% blend. 

The relative efficiencies of the higher aliphatic alcohols 
and other alcohols as blending agents are shown in Table III 
and also in Fig. 5. 


BLENDING AGENT 



Fio. 5. Benzoic and alcohols as blending agents for gasoline- 
methanol mixtures at 0® C. 

It will be seen that the iso- and tertiary alcohols arc less 
efficient than their normal homologues. 

A point of particular interest is that the higher alcohols, 
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such as /5u-butanol, See,, may be produced synthetically 
from water gas, simultaneously and in the same plant as 
methanol itself; consequently, it is possible to produce in 
one operation a mixture of methanol and higher alcohols 
which is miscible with petrol. 

Table III 

The Higher Alcohols as Blending Agents for Methanol- 
Gasoline Mixtures [6, 1933] 

( % by vol. to hold 10 % of methanol in solution in a standard motor- 
fuel at -10° C) 


Ethyl alcohol . 

. 10-3 

Synthetic fusel oil: 


n-Propyl alcohol 

. 40 

BP/ 100-200° C. . 

5-5 

/jo-Propyl alcohol 

. 5 0 

BP/200-230° C. . 

5-6 

n-Butyl alcohol 

. 3*5 

BP/230-280° C. . 

6-6 

wo-Bulyl alcohol 

. 40 

BP/280-320° C. . 

106 

/cr/-Butyl alcohol 

. 60 

Allyl alcohol . . valueless 

5ec-Butyl alcohol 

. 5-2 

Phenyl-ethyl alcohol 


«-Amyl alcohol 

. 3*3 

Benzyl alcohol 


tert-Amyl alcohol 

. 3 6 

Cyclohexanol 

3 0 

/i-Hexyl alcohol 

. 3-2 

/>-Methyl cyclohexanol 

3-4 

/i-Heptyl alcohol 

. 3-2 

m-Methyl cyclohexanol . 

3-7 

/i-Octyl alcohol 

. 3 1 

Howard’s ‘Scxtol’ (methy- 


jec-Octyl alcohol 

. 3 0 

cyclohcxanol) 

3-2 



fl-Terpincol 

4-5 



Fcnchyl alcohol 



The Solubility of Ethyl Alcohol containing Water in 
Various Hydrocarbons and Petrols 

Although absolute (i.e. water free) ethyl alcohol is 
miscible in all proportions with all but a very few petroleum 
motor fuels, ethyl alcohol containing water is only soluble 
to a limited extent, and blending agents are necessary as in 
the case of methanol-petrol mixtures. Even though abso- 
lute ethyl alcohol can be obtained in large quantities, such 
alcohol is hygroscopic and readily absorbs moisture from 
the air. 

The rules governing the solubility of methanol in hydro- 
carbons and petrols also apply to the solubility of wet ethyl 
alcohol. Thus, this substance is more soluble in aromatic 
hydrocarbons than in naphthenes and paraffins, and more 
soluble in the lower members of a homologous series of 
hydrocarbons than in the higher members. Similarly, the 
lower the temperature, the lower the solubility. The effect of 
water in limiting the solubility of alcohol in gasoline is very 
marked, the addition of even so small a quantity as 1*8% 
being sufficient to cause marked separation. In a solution 
of equal parts of gasoline and absolute ethyl alcohol, the 
amount of the separated layer at 0° C. is as much as 36% 
of the volume of gasoline present. 

Most of the published work on the miscibility relation- 
ships of ethyl alcohol-gasoline mixtures has been carried 
out using ethyl alcohol of about 95 vol.% strength, the 
remainder being water. This is because a mixture of ethyl 
alcohol and water in the proportion of 95*57 to 4*43 by 
weight is an azeotropic mixture of minimum boiling-point 
and is the mixture normally produced unless special 
methods of producing absolute ethyl alcohol are employed. 
King and Manning [9, 1929] have carried out experiments 
in which they determined the miscibility limits of a range 
of petroleum spirits with 95 vol.% alcohol, and concluded 
that, whilst certain petroleum spirits are fairly readily 
soluble (40% at — 10° C.) in this alcohol, others are soluble 
only to the extent of about 22%. Their results, given in 
Fig. 6, show that Borneo strai^t-run benzine and, in a 
lesser degree, Iranian gasoline, differ from the other spirits 
examined in having higher solubilities. 



Fig. 6. The solubility of petroleum spirits in 95 % ethyl alcohol. 


Their solubility curves are, however, steeper, indicating 
that the effect of temperature is more pronounced in these 
two cases. Ormandy and Craven [11, 1921], have quoted 
similar figures for five petroleum spirits, as follows: 


Origin of spirit 

Sp, gr. 
15115'^ C. 

Limiting gasoline wt. % in 
mixture with 95 % alcohol 

/5* C. 

CCC. 


Borneo or Sumatra (A) 

0-782 

77 

47 

37 

(B) 

0-723 

70 

43 

36 

America (E) 

0-719 

42 

31 

26 

(F) 

0-704 

38 

28 

24 

Miri (Borneo) (H) 

0-767 

32 

25 

22 


The solubilities of certain hydrocarbons in alcohols of 
various strengths at —10° C., are as follows: 


Solubility of hydrocarbon in 



95% 

92°A 

90% ethyl 
alcohol 

Isopentane .... 


37 


Pentane .... 


35 

, . 

Hexane .... 


29-30 

, , 

Heptane .... 


18-22 

. . 

»* .... 

16 


10 

Methyl cyclohexane 

27 


13 


An important contribution to our knowledge on the 
solubility of ethyl alcohol in petroleum spirits has recently 
been made by Bridgeman and Querfeld [3, 1933] who have 
determined the solubility of alcohols of various strengths, 
from 99*13 to 93*21 vol.%, in gasolines of various types. 
These workers have found that, for straight-run spirits of 
the same volatility, the solution temperatures of a given 
blend composition differ but little from fuel to fuel, 
and the source of crude from which the fuel is distilled 
appears to have a comparatively minor effect. Cracked 
spirits may, however, show much lower solution tempera- 
tures than straight-run products of the same volatility. 
Topping a fuel of about the volatility of U.S. motor gaso- 
line so as to reduce the 90% temperature approximately 
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40° C., produces a lowering in solution temperature of from 
10 to 16° C. Increase of the volatility at the lower end 
of the distillation curve likewise produces a lowering in 
solution temperature. On the average the addition of 10% 
pentane cau^ a drop of 4° C. 

At each constant percentage of gasoline in the blend, it 
was found that the logarithm of the percentage of water 
present (5) was a linear function of the reciprocal of the 
solution temperature in absolute degrees centigrade (T), so 
that 

log S = a+|.. 

Fig. 7 is taken from the figures of Bridgeman and Quer- 
feld. This shows the differences in solution temperatures 
obtained with blends of 98*33% alcohol in Pennsylvanian 
and Californian straight-run spirits and cracked spirits of 
different volatilities. As already mentioned, the differences 
in solution temperatures are almost wholly accounted for 
by variations in volatility characteristics. On the other 
hand, one can regard straight-run Pennsylvanian gasoline 



Fig. 7. Solution temperatures of blends of 98-33 % ethyl alcohol in 
petroleum spirits of different volatilities. 


having a 50% evaporated temperature of 135° C. as one 
of the worst spirits to use for blending with alcohol, and 
a cracked spirit having a 50% evaporated temperature of 
96° C. as one of the most favourable for this purpose, if 
such highly aromatic spirits as those from certain Borneo 
and Sumatra crudes are excepted. 

The Miscibility Relationships of Ethyl Alcohol and 
Benzene 

Absolute ethyl alcohol and benzene are miscible in all 
proportions at temperatures above the melting-point of the 
latter (5*4° C.), but as the initial freezing-point of com- 
mercial motor benzole is about — 11° C., such mixtures are 
susceptible to crystallization only when pure benzene is 
used. The freezing-points of mixtures of pure benzene and 
absolute alcohol are such that, at a temperature of — 10° €., 
the maximum amoimt of benzene permissible in a stable 


solution is about 40%; of commercial benzole the pro- 
portion is much greater. 

Ethyl Alcohol-GasoUne-BenzoIe Mixtures 

Interesting data on this ternary system, using 94 to 98% 
ethyl alcohol, have been published by King and Manning 
[9, 1929]. Their results indicate that the particular gasoline 
used (sp. gr. 15/15° C, 0*743; 39% distillate at 100° C; 


BENZENE 



PETROL (bp MOTOR SPIRIT 1927) ETHTL ALCOHOL 

^ CONTAINING VARYING 

-IOC AMOUNTS OF WATER 


Fig, 8. The system gasoline-benzene-ethyl alcohol containing vary- 
ing amounts of water. 

end point 190° C.), is soluble in alcohols of various 
strengths to the following extents at 10° C. and 0° C. 



C. 

o / 

0"C. 

94% ethyl alcohol . 

. 30-0 

/o 

27-0 

95 . 

. 43 0 

33 0 

96 

. 660 

460 

98 

. 95 0 

940 


The necessity of using absolute ethyl alcohol in blends with 
gasoline is obvious from these figures. Fig. 8, which is 
reproduced from King and Manning’s paper, shows a large 
area of immiscibility even when 98% alcohol is used with 
pure benzene. Alcohol of this strength is not even miscible 
with pure benzene in all proportions at ~ 10° C., much less 
can any mixture with benzene be made to mix with petrol 
in all proportions. The limits of miscibility with motor 
benzole are even less. 

With regard to blending agents for aqueous ethyl 
alcohol-gasoline mixtures, it is a general rule that those sub- 
stances found effective in promoting miscibility in methanol- 
gasoline mixtures are also effective in the case of ethyl alco- 
hol blends and the relative efficiencies of such compounds 
arc usually the same in both cases. Ormandy and Craven 
[12, 1923] found in 1923 that when a small proportion of 
the alcohol was replaced by an equal volume of any one 
given blending agent the change in separation temperature 
Ar was proportional to the volume of blending agent 
added, and inversely proportional to the volume of 
alcohol originally present, within certain limits. Thus, if 
B = % by volume of blending agent replacing an equal 
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volume of alcohol and A == % by volume of alcohol The Stability of Alcohol Fuels to Water Additions 
before replacement, then Because the lower aliphatic alcohols, methanol, and ethyl 


A/ oc “ 

A 

ocB 

or Ar = K" . 

A 

AtA 

The constant K = — ^ might be called the ‘ blending power’ 

of the blending agent, and when positive indicates that such 
an agent has a positive action in assisting miscibility. The 
value of K is not rigorously constant over a range of alcohol 
concentrations, but is sufficiently so to give an idea as to 
the relative value of a blending agent. Values for a series 
of blending agents on this basis are given in Table IV. 

Ormandy and Craven state that no substance so far 
examined is more than one-fifth part as effective in 
preventing separation as water is in bringing it about, and 
it is extremely unlikely that any such substance will be 
found. The truth of such a prediction has been fully 
demonstrated during the past few years when, in spite of 
many attempts, no really successful blending agent has yet 
been found. 

Table IV 

Relative Efficiencies of Various Blending Agents in promoting 
Miscibility 

In a mixture consisting of 85% hydrocarbons, 10 of 95% alcohol, 
5% blending agent. 



V — 

AtA 

i 


B 


Heptane 

Gasoline 

Benzene 

3 

1 

Toluene 

- 6 

1 

//i-Xylene 

-18 


Turpentine . 

0 (about) 

>0 

Heptane 

-11 


Cresol . . ! 

123 

114 

Aniline . . . I 

51 

; 26 

Methyl alcohol . 1 

-24 

i ^ 30 

Ethyl alcohol 95% . i 

0 

0 

100% . j 

1 72 

' 72 

Propyl alcohol 

1 90 

1 70 

Butyl alcohol 

‘ 168 

1 144 

Amyl 

1 170 

1 150 

Hexyl .. 

: 47 


Ether .... 

small 

3 

Acetone 

41 

1 18 

Ethyl acetate 

! small 

27 

Cyclohexanol 

1 201 

150 

Acetaldehyde 

I -- 20 

i 

Water 

1 -1,000 



Patented Blending Agents for Alcohol-Gasoline 
Mixtures 

The most diverse substances have been patented as 
blending agents for alcohol-gasoline mixtures, some of which 
are very effective and some, of course, of very little value. 
Examples are anhydrous fusel oil or amyl alcohol [1,1916], 
camphor, pine tars or pine-tar products [5, 1917], aromatic 
hydrocarbons [14, 1919], carbon disulphide [15, 1919], and 
fatty acids, such as ricinoleic acid or castor oil [16, 1919]. 
Complex ketones [13, 1926] have been protected and, 
despite their bad odour, strongly basic aliphatic amines, 
such as triethyl amine, benzylamine or piperidine [10]. 
The LG. have proposed the use of alkyl formates for a 
similar purpose [8, 1931]. 


alcohol, are miscible with water, fuels containing these 
substances are capable of dissolving small amounts of water. 
When, however, more than a small quantity of water is 
added to an alcohol-gasoline mixture, it causes a separation 
into two immiscible layers, the lower one of which consists 
essentially of alcohol and water and the upper layer consists 
mainly of hydrocarbons. This property is by far the most 
objectionable feature of alcohol fuels and, in this respect, 
methanol mixtures are less satisfactory than ethyl alcohol 
blends. Under storage conditions, i.e. in tanks, the advan- 
tage is obviously all in favour of those fuels, e.g. gasoline, 
that are quite immiscible with water, since, if such fuels 
become contaminated with water, the water can be easily 
separated off and the composition of the fuel is not affected. 
On the other hand, if the fuel can be delivered to the tank 
of an automobile without being contaminated with water, 
then the advantage lies with the type of fuel which will 
dissolve small amounts of water. The subsequent addition 
of quantities of water, less than that required to cause 
separation, does not affect the running of the engine, 
whereas, with fuels that do not dissolve water, the same 
small amounts of water lead to erratic running and even 
stoppage of the engine. Such water is normally deposited 
in the carburettor float-chambers and fuel-line systems of 
automobiles and frequently causes trouble, but when 
alcohol fuels are used, this trouble is no longer experienced. 

Alcohol fuels intended for use in automobiles must, 
therefore, have a high ‘water tolerance’, i.e. they must be 
capable of dissolving large amounts of water without 
separating into two immiscible layers. Defining ‘water 
tolerance’ in this way, it follows that the amount of water 
which can be added to an alcohol blend before separation 
occurs depends upon the following factors. 

(1) The nature of the alcohol or alcohols present. 

(2) Temperature. 

(3) Alcohol content of the blend. 

(4) Excess of blending agent present. 

The effects of temperature upon the miscibility relations 
of alcohols and gasolines have already been pointed out, and 
it follows from this that the lower the temperature the lower 
the water tolerance of any alcohol blend. The effect of 
excess blending agent is also obvious, but blending agents 
that are miscible with water confer to alcohol blends con- 
taining them a higher water tolerance than those which are 
immiscible with water. In other words, of two alcohol- 
gasoline blends, both containing the same amount of alcohol 
and having the same cloud-point or separation temperature, 
one of which contains a water-soluble blending agent and 
the other a blending agent that is immiscible with water, the 
former has the higher water tolerance. 

The effect of the alcohol content of a blend upon its water 
tolerance is evident from Fig. 9, which refers to gasoline- 
benzole-methanol mixtures, and shows that blends rich in 
methanol will dissolve up to 8% by volume of water at 

C., without causing separation (i.e. 360 c.c. of water per 
gal.), whereas blends containing small amounts of methanol 
are capable of dissolving less than 01% of water (i.e. 
4*5 c.c. per gal.). Fig. 10 also shows the effect of excess 
blending agent upon water tolerance. 

The effect of temperature upon the water tolerance of a 
benzole-gasoline methanol blend is pronounced. In thecase 
of a 10/30/60 methanol-benzolc-gasoline blend at a tempera- 
ture of 4- 15° C., no less than 6 ml. of water is capable of 
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dissolving in each gallon of fuel mixture without causii^ 
separation, whereas, at — 10® C., the water tolerance is 
reduced to 2 c.c. per gal. (i.e. 0 04%). 

BENZOL 



Fio. 9. Water tolerances of gasoline-benzole-methanol mixtures 
at 0°C. 


CT>4>ru RcCOWOt. 



PETROL MCTHWNOU 

Fig. 10. Water tolerances of gasoline-ethyl alcohol-methanol 
mixtures at — 10® C. 


Ethyl alcohol is particularly valuable as a blending agent 
for methanol-gasoline mixtures because blends containing 
an excess above that necessary to give miscibility have a 
higher water tolerance than mixtures containing benzole as a 
blending agent. This is evident from Fig. 10, which shows 
the water tolerances of mixtures of gasoline-methanol- 
absolute ethyl alcohol at — 10® C. 

A comparison of the water tolerances of ethyl alcohol 
blends and methanol blends is made possible by the data 
of Dumanois [4, 1931] referring to the former. This is 
plotted in Fig. 11 together with values for a methanol- 
benzole-gasoline blend containing 30% of benzole. 

It is evident that, for the same alcohol concentrations, 
ethyl alcohol blends have much higher water tolerances 
than methanol blends for alcohol concentrations of up to 


I CTH>fL RLCOHOL WROU SLlNOS WT IS*C (0ufn0ft0»%) 



Fig. 1 1 Water tolerances. 


50%. This graph, however, does not give a fair comparison 
because the methanol blends referred to contain 30% of 
benzole, which favourably influences their water tolerances. 
A better comparison is shown in Fig. 12, which refers to 
mixtures of methanol and ethyl alcohol with benzene, from 
which it is evident that a 40% ethyl alcohol blend in benzene 
has a water tolerance more than double that of a 40% 
methanol blend. 



Fig. 12. Water tolerances of benzene-ethyl alcohol and benzene- 
methanol mixtures at 0® C. 


It will be evident from the above considerations that, 
although an alcohol blend may be quite stable in itself at 
the temperatures to which it is subjected in use, and even 
though it may be capable of dissolving small amounts of 
water without suffering disintegration, it may be separated 
into two layers by the addition of gasoline. This is most 
prone to occur in the case of alcohol fuels stabilized by the 
addition of blending agents which are not soluble in water 


2829 


MIXTURES OF GASOLINES, BENZOLES, ALCOHOLS, AND WATER 


and occurs more readily with methanol blends than ethyl 
alcohol blends. Thus, referring to Fig. 9, to hold 10% of 
methanol in solution in a blend with gasolines at 0°C., 14% 
by volume of benzole is necessary, but if this is diluted with 
an equal volume of gasoline, reducing the benzole concen- 
tration to 7%, the fuel is separated into two layers. It is, 
therefore, necessary in practice to employ a considerable 
excess of blending agent so that dilution with gasoline may 
not bring about separation and so that an adventitious 
addition of water may not cause the same result. When 
such precautions are taken, alcohol blends can be used with 
complete satisfaction and no trouble from separation is 
experienced. A 10% methanol blend in gasoline stabilized 
by the addition of benzole has been described [7, 1933] 
which was stable at all temperatures down to — 28“C., 
and which had a water tolerance of 3-5 c.c. per gal. at 
0° C. This blend was on sale for over a year and gave 
no trouble due to separation, cither by water addition or 
dilution with gasoline. 

With regard to the reported hygroscopic! ty of alcohol fuels 
and the resulting danger of separation, the experiences which 
have been reported [7, 1933] suggest that methanol blends 


may be used over prolonged periods without any trouble 
from this cause. It is true that, under laboratory conditions, 
alcohol-gasoline blends absorb water vapour from the air 
when freely exposed to the latter and eventually separate 
into two layers, but, in actual practice, motor fuels are not 
freely exposed to the atmosphere and, as a result, can often 
be used with satisfaction. However, it is agreed that the 
presence of . a water-soluble substance in gasolines is a 
potential source of much trouble. 

The necessity of using anhydrous, or very nearly an- 
hydrous, alcohols in the production of alcohol fuels is, of 
course, essential because the lower the water content of the 
alcohol used, the greater is the general physical stability 
and water tolerance of the blended fuel, and, moreover, the 
blending-agent requirements are reduced. Fortunately, 
methanol can be produced in an anhydrous state fairly 
easily, simple distillation alone being necessary, but with 
ethyl alcohol this is rather more difficult because of the 
formation of the azeotropic mixture with water. Neverthe- 
less, ethyl alcohol containing not more than 0-5 to 0 8% 
of water is now produced in quite large quantities in Eng- 
land and in Europe. 
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SPECIAL PRODUCTS 

DI-ISOBUTENE AND ISO-OCTANE 

By S. F. BIRCH, Ph.D., and T. TAIT, Ph.D. 

Anglo-Iranian Oil Company Ltd, 


Isobutene was first polymerized by Butlerov [2, 1876-8], 
who obtained the dimers by heating isobutene or tertiary 
butyl alcohol with sulphuric acid in a sealed tube. 

The polymerization of isobutene may be effected both 
thermally and with the aid of catalysts, but the former 
method tends to give products other than polyisobutenes, 
including paraffins and naphthenes [13, 1929]. Catalytic 
polymerization of isobutene, however, proceeds readily and 
very smoothly, the products formed being determined by the 
vigour of the catalyst and the conditions employed. Thus 
boron trifluoride [3, 1873 ; 22, 1927] and aluminium chloride 
[27, 1921] lead to the formation of high molecular weight oils, 
although if the latter reagent is used in the form of a double 
complex with such a compound as diphenyl sulphone, the 
vigour of the action is so diminished that appreciable 
amounts of the di- and tri-merides are obtained [1, 1931]. 

Polymerization can also be effected by means of certain 
activated earths such as floridin, a reaction which has been 
investigated by Lebedev and Koblianski [19, 1930], van 
Winkle [33, 1928], and Lebedev and Filonenko [18, 1925]. 
The first of these investigators found that at —80'" C. poly- 
merization proceeded with quite a high velocity, while at 
200® C. it was much retarded. They observed that a con- 
siderable evolution of heat — heat of polymerization — ^took 
place and that the formation of lower boiling polymers was 
favoured by passing gaseous isobutene over floridin at 
room temperature with removal of the products as formed. 
Fractionation of the liquid polymers gave compounds up 
to the heptameride. This reaction is of particular interest 
in showing a definite degree of reversibility, for in later 
experiments [19, 1930] the same investigators found that 
passage of the higher polymers over floridin at 200® C. 
resulted in depolymerization with the formation of lower 
polymers and isobutene. Of the polymers examined di- 
isobutene proved to be the most stable and the least 
susceptible to depolymerization. 

When the lower polymerides are required, however, 
polymerization is most conveniently effected by acid cata- 
lysts either in the liquid phase, e.g. sulphuric acid, or in 
a supported form, e.g. orthophosphoric acid on charcoal. 
Numerous investigators, following upon Butlerov’s early 
experiments, have examined the reaction of isobutene with 
sulphuric acid, and to-day considerable quantities of di- 
isobutene are being prepared technically by this method. 

The reaction with liquid-phase catalysts definitely takes 
place in two stages, absorption of the isobutene with sub- 
sequent hydration to tertiary butyl alcohol being followed 
by dehydration and polymerization. As the acid employed 
must be capable of performing the functions of hydrator, 
dehydrator, and polymerizer, the concentration is obviously 
a matter of considerable importance. Thus Butlerov [2, 
1876-8] in his classical research found that with sulphuric 
acid of comparatively low concentrations — 50% and even 
lower— hydration of the olefine took place at room tem- 
peratures, but at 100® C. di-isobutene was formed. With 
80% acid, however, polymerization occurred in the cold 
and tri-isobutene formed the main product. Nef found 
that more concentrated acid yielded even higher polymers. 
The question of acid concentration is more fully discussed 


at a later stage. The reaction may also be carried out using 
liquid phosphoric acid in place of sulphuric acid. Thus, 
using 100% acid in a rotating autoclave, Ipatiev [14, 1935] 
has shown that polymerization can be effected over a wide 
temperature range. Polymer produced at 30® C. contained 
only two individuals, di- and tri-isobutenes, while that 
formed at 130° C. apparently contained seven. The in- 
creased complexity of the product formed at the higher 
temperature indicates either that isomerization occurs or 
that there is variation in the way in which the elements of 
phosphoric acid are removed from the intermediate esters. 
By replacing liquid phosphoric acid with the acid supported 
on an inert carrier, e.g. active charcoal, kieselguhr, &c., 
similar results may be obtained, the increase in the com- 
plexity of the product with rising temperature being then 
most marked. 

Little was known of the chemical constitution of iso- 
butene polymers until comparatively recently, when in 1932 
McCubbins and Adkins [20, 1930] proved by ozoniza- 
tion that di-isobutene contained two compounds, 2,4,4- 
trimethylpentene-l and 2, 4, 4-trimethyl p)entcne-2, the 

former being present in greater amount in the ratio 4:1. 

CHa CHa CHa CH, 

CHa— C— CH,— C CHa CH,— C— CH C— CH, 

CHa CHa 

2,4,4-trimethylpentene- 1 2,4,4-trimcthylpcntenc-2 

Later Whitmore and his co-workers [26, 1932; 28, 1932; 
30, 1931], by careful fractionation, succeeded in isolating 
and examining the individual hydrocarbons; they showed 
that the pentene-1 was the lower boiling isomer, a fact 
which McCubbins and Adkins [20, 1930] had been unable 
to ascertain. The physical properties of the two isomers 
obtained by Tongberg, Pickens, Fenske, and Whitmore 
[26, 1932] arc given in the following table. 

Table I 


Boiling-point 
{corrected) 
at 760 mm. 


2.4.4- trimclhyl- 
pcntcnc-l 

2.4.4- triinethyl- 
pcntcnc-2 


0-7151 1-4082 

0-7211 1-4158 


Freezing-point 
^ C. 


-93 6±01 
-106-5±0-l 


The mode of formation of these compounds cannot yet 
be regarded as satisfactorily proved. Schematically the 
reaction may be represented as follows: 

CHa H CHa CHa CH, 

CH,— CH + CH,— C-CH.-fCH,— C— CH,— C-CH, 

CH, CH, 

2,4,4-trimcthylpcntene- 1 
and 

CH, H CH, CH, CH. 

CH,— CH + CH=C— CH, -+ CH,— C— CH-C— CH, 


CH, 

2,4,4-triinethylpentene-2 
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Kondakov [17, 1893, 1896] suggested for the mechanism 
of the reaction the formation of an intermediate compound 
tertiary butyl sulphuric acid, which, being extremely un- 
stable, decomposed immediately. While tertiary alkyl sul- 
phuric acids of this type have never been isolated in the 
pure state or even as salts in the case of the lower members, 
there is actually little doubt that they exist momentarily at 
least under favourable circumstances. The fact, for ex- 
ample, that esterifications with isobutene are possible in 
the presence of sulphuric acid is proof of their formation. 
The writers have also observed that tertiary butyl alcohol 
forms a white crystalline solid when treated with liquid 
phosphoric acid (89%). This solid, which possesses a 
melting-point near that of phosphoric acid (100%), can 
be melted without decomposition, but decomposes when 
warmed above its melting-point to give polymer and 
regenerate the acid. It may be a phosphoric acid ester 
corresponding to Kondakov’s sulphuric acid ester or an 
addition compound. 

Several theories have been advanced to explain the 
formation of the two dimers. There is, of course, a pos- 
sibility of one being derived from the other by secondary 
change but it appears more likely that both arise as a con- 
sequence of the normal mechanism controlling polymeriza- 
tion. The two most recent theories are those of Whitmore 
[28, 1934] and of Kline and Drake [16, 1934]. Whitmore’s 
theory for polymerization by acid catalysts is based on the 
catalytic effect of hydrogen ions present in the reaction 
mixture. The first step consists in the addition to a mole- 
cule of isobutene of a hydrogen ion with the formation of 
a positively charged fcrf-butyl group. The same active 
group is obtained by the action of acid on /erf-butyl 
alcohol. 

CH, CH, 

CHj C } H' CH,— C' 

CH, CH, 

The activated tertiary butyl group is now capable of 
combining with a molecule of isobutene in the same way 
as the hydrogen ion, yielding an activated intermediate 
group, 

CH, CH, CH, CH, 

CH,— C' + CH,-C— CH, -> CH,— C— CH,— C— CH, 

CH, CH, 


C — H bonds it is to be expected that isobutene will be pre- 
dominantly activated as CHf ^C(CH 3 )=CH,. Polymeri- 
zation is then supposed to proceed by the addition of the 
activated fragments to the double bond of a second mole- 
cule of isobutene and the existence of two dimers is 
explained by this dual activation. The ratio of 4:1 found 
experimentally for the dimerides is accounted for by the 
greater tendency of the activation to proceed in one 
direction. 

While tri-isobutene might be anticipated to contain 
relatively large numbers of isomeric dodecencs, Whitmore 
[28, 1934] believes that four predominate. 

(CH,), . C • CH- C(CH,) . CH, • C(CH,), 

2.2.4.6.6- pentamethyIheptene-3 

{(CH,)3CH,},C-CH, 

Unsym. di-isopcntylethylene 

(CH,), • C • CH,- C(CH,), • CH,- C(CH,) - CH, 

2.4.4. 6.6- pcntamethylhcptenc- 1 

(CH,), - C - CH, - C(CH,),- CH - C(CH J - CH, 

2.4.4.6.6- pcntamethylheptene-2 

He makes no mention, however, of the relative proportions 
in which the isomers are present. Their formation is 
explained by the addition of the activated intermediate 
group — which normally loses a hydrogen ion to form di- 
isobutene isomers — to isobutene or by the addition of an 
activated /ert-butyl group to one or other of the two 
dimers. The trimers are then formed by loss of a hydrogen 
ion from these secondary activated intermediate groups. 
According to Kline and Drake [16, 1934] six isomeric tri- 
mers are to be expected, but since four are derived from 
the predominating dimer, it is obvious that these would 
predominate in tri-isobutene. 

As is to be expected from their branched structures, both 
dimerides and trimerides possess relatively high octane 
values. Campbell, Lovell, and Boyd [4, 1931] examined 
the individual dimers in their engine and obtained the fol- 
lowing results : 

Table II 


Isomer 

2.4.4- tnmethylpentcne- 1 

2.4.4- trimethyIpcntene-2 


Blending octane 
number 

150 

144 


which may lose a hydrogen ion in two different ways, to 
give the two isomers of di-isobutene 

CH, CH, 



CH,— C— CH,— C- CH , f H ' 
CH, 

CH, CH, 

CH,— ^CH-C— CH,+ H' 


CH, 

The mechanism of polymerization proposed by Kline 
and Drake is rather different in conception. It is based 
upon a theory somewhat analogous to that put forward by 
Rice [24, 1931] for the thermal decomposition of organic 
compounds from the standpoint of free radicals. On this 
theory isobutene behaves as if it were activated in two 
ways, CH,” ^C(CHa)=CH, H^~CH=C(CH8)a. From 
considerations of the relative strengths of the C — C and 


These values were deduced from aniline equivalents deter- 
mined in 20% concentration in a 50 octane number base 
blend using a jacket temperature of 1(X)° C. Some doubt 
must be cast upon values determined in this way, for di- 
isobutene when examined in blend in a C.F.R. engine using 
motor-method conditions does not show a straight-line 
relationship between concentrations and octane number, 
but a very definite decrease in blending value with con- 
centration. Tri-isobutene gives similar results, and it fol- 
lows that any value for the pure hydrocarbons based upon 
determinations carried out in 20% blend can only give 
comparative results (Fig. 1). 

The tendency of the polyisobutenes to depolymerize 
at elevated temperatures in the presence of floridin has 
already been mentioned. Depolymerization is quite marked, 
even in the absence of a catalyst at 300° C., and increases 
rapidly with increasing temperature. In the presence of silica 
gel it is considerable above 250° C., both the di- and tri- 
merides largely being converted to isobutene. The possibility 
of utilizing depolymerization as a means for converting 
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hi^-boiling pDlyisobutenes into the more valuable dimeride 
is suggested in an LG. patent [13], depolymerization being 
effected by an aluminium oxide catalyst between 200® and 
300® C. 

Commercial Production of Di-isobutene. 

Commercially, di-isobutene is produced by the sulphuric 
acid polymerization of isobutene. The operation is carried 
out in three stages: (1) segregation of isobutene into a 
narrow C4 fraction by distillation, (2) treatment with sul- 
phuric acid to remove the isobutene as tertiary butyl 
alcohol and (3) heat treatment of the separated acid layer 
to bring about dehydration of the alcohol and polymeriza- 
tion of the isobutene. During this operation the acid is 


Table HI 


Stabilizer Gas Analyses 



Winter 
operation 
Mol. % 

Summer 
operation 
Mol. % 

Yearly 
average 
Mol. % 

Methane 

0*89 

0-51 

0-70 

Ethylene 

1-24 

0-70 

0-97 

Ethane .... 

9-96 

5-60 

7-78 

Propene .... 

21 08 

11-88 

16-48 

Propane 

4910 

27-80 

38-45 

Isobutane 

8-25 

16-45 

12-35 

Isobutene 

505 

7-91 

6-48 

/i-Butenes 

3-91 

13-15 

8-53 

n-Butane 

0-52 

16-00 

8-26 



isobutene but under these condi- 
tions, with the concentrations of 
acid usually recommended, absorp- 
tion is slow and incomplete. 
Although the use of an isobutene 
concentrate would undoubtedly 
prove beneficial, it is more con- 
venient to conduct the process 
entirely in the liquid phase, where 
the advantage of a C^-cut becomes 
threefold. The highest isobutene 
concentration possible reduces 
materially the size of the plant (an 
important consideration as it must 
be constructed of acid-resisting 
material), more efficient removal of 
isobutene is possible, and the 
absence of more volatile hydro- 
carbons results in a lower vapour 
pressure with further saving in cost 
as less robust construction is re- 
quired. 

The C4-fraction is most conveni- 
ently obtained as a tray cut from a 
stabilizer column, and the following 
approximate analysis is typical of a 
cut obtained in this way. 


Table IV 

Vo by 

Hydrocarbon volume 


Isobutene . 



. 21 

Butenes 



. 44 

Butanes 

, 


. 24 

Butadiene . 

, 

• 

. 11 


Fio. 1. 

recovered at its original concentration and after cooling 
is ready for further use. 

Raw Feed. 

With normal refinery operation isobutene derived from 
cracking processes is found both in the cracking gases and 
in the gasoline. Since the vapour pressure of the gasoline 
marketed is determined by summer and winter conditions, 
the volume and composition of the gas leaving the stabilizer 
varies with the season of the year. This fact is well illus- 
trated by the following analyses given by Egloff [10, 1936] 
Although the amount of isobutene varies, it would be pos- 
sible, if the demand for it proved sufficiently great, to 
stabilize to such an extent that the isobutene normally left 
in the gasoline was completely recovered. 

Early patents proposed the treatment of cracked gases 
in the vapour phase without previous concentration of 


When sulphur removal is considered 
desirable it is easier to remove it from the feed stock than 
from the crude di-isobutene, and the removal may conve- 
niently be accomplished by thorough washing with dilute 
caustic soda or lime water. The sulphur is present mostly 
as low molecular weight mercaptans and these, owing to 
their relatively acidic nature, can be effectively extracted 
(see article on Refining). 

Isobutene Absorption. 

As mentioned above, the concentration of the sulphuric 
acid employed is of considerable importance in determining 
the ^urse of the reaction. While medium concentrations 
readily effect hydration of the olefine, stronger acid results 
in immediate polymerization accompanied by charring and 
consequent foulmg of the acid. As the acid/isobutene ratio 
used is high, it is desirable to recover the acid in as clean 
a condition as possible in order that it may be recycled 
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without further treatment. Furthermore, while the acid 
must be sufficiently strong to effect reasonably rapid ab- 
sorption of the isobutene, it must fall short of the con- 
centration at which the other olefines present begin to react. 
In practice, as it is impossible to fulfil this last condition 
entirely, it is important to reduce reaction with olefines 
other than isobutene as far as possible since the alkyl 
sulphuric acid derived from the /i-butenes is not easily 
decomposed under the conditions usually employed in the 
process. This would result in the progressive accumulation 
of butyl sulphuric acid in the acid and a tendency for the 
product to become contaminated with ^ec-butyl alcohol 
and di-^ec-butyl ether. Fortunately isobutene is by far 
the most reactive olefine present. This is well illustrated 
by the following figures for the three butenes calculated by 
Davis [7, 1928] from Michael and Brunei’s data [21, 1909]. 


Table V 


Olefine 

Acid cone, 
% 

Temp., 

°C. 

Absorption 
coeff. K 

Isobutene (pure) . 

58-6 

28-9 

105x10-* 

(51-8%) 

58-6 

28-9 

75x10-* 

2-Butene (pure) 

58-6 

28-9 

0*54x10-* 

t* »» * • 

76 

29-30 

10*0 X 10-* 

1 -Butene (pure) 

76 

29-30 

50x10-* 


The relative rates of absorption by sulphuric acid arc, 
therefore, 

1 - Butene - 1 

2- Butene = 2 

Isobutene — 280-390 

It was shown by Dobryanski [8, 1925] that butadiene is 
absorbed by 63% sulphuric acid at a rate intermediate 
between those of isobutene and the normal butenes, but 
nearer to the latter. It therefore follows that, provided an 
acid concentration is chosen of 
which the rate of absorption of the 
normal butenes is low, the product 
should be almost entirely free from 
compounds derived from the w- 
butenes. Even so, it is possible 
to identify traces of such com- 
pounds in crude di-isobutene, e.g. 

3,4,4-trimethylpentene and di-jec- 
butyl ether, the latter being readily 
recognizable by its characteristic 
odour. 

The hydration of isobutene to 
tertiary butyl alcohol can be effected 
by relatively weak acid, but experi- 
ments carried out at 0° C. with a 
solution of isobutene in gasoline 
showed that while with 50% acid 
absorption is reasonably rapid, con- 
centrations between 55 and 65% 
are best suited to technical opera- 
tion. Since with 65% acid, parti- 
cularly at temperatures in the 
neighbourhood of 38° C., polymeri- 
zation becomes appreciable, there 
is a tendency for di-isobutene to 
be formed and carried away in the 
effluent hydrocarbon layer. An- 
other factor of considerable impor- 
tance in determining the optimum 
concentration of acid for absorp- 


tion of isobutene is the effect of acid concentration on 
the proportions of the polymerides formed during poly- 
merization. This effect will receive further consideration 
at a later stage, but it may be noted here that 65% acid is 
about the highest concentration which may be employed 
if a high proportion of the dimeride is desired. Although 
the trimeride yields on hydrogenation a product — ‘iso- 
dodecane’ — comparable in the engine with iso-octane, it 
possesses too high a boiling range (175-80° C.) to meet 
many aviation gasoline specifications. Taking these con- 
siderations into account, acid concentrations between 55 
and 65% by weight are generally used, a concentration of 
64*5 % apparently being favoured in America. 

The reaction involving the absorption of isobutene in 
a dilute sulphuric acid solution and the consequent con- 
version of a molecule of water into a molecule of tertiary 
butyl alcohol is accompanied by a very considerable in- 
crease in the volume of the acid solution and at the same 
time the specific gravity of the solution falls rapidly. The 
relationship between amount of isobutene absorbed per 
gallon of acid and specific gravity of the resulting alcohol- 
acid solution is shown in Fig. 2 for three strengths of acid. 
The course of absorption can readily be followed from the 
specific gravity of the solution. It should be noted that 
during absorption of isobutene, although the weight frac- 
tion of sulphuric acid steadily diminishes, the mol. fraction 
remains constant. 

As the reaction 

QHs + HjO ^ C4H10O 

is reversible [24, 1931], certain precautions should be ob- 
served to avoid loss of isobutene in the effluent hydro- 
carbon layer. The factors to be considered are (1) time of 
contact, (2) acid concentration, (3) alcohol/acid ratio, and 
(4) temperature. 

The time of contact necessary is determined by plant 
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considerations but should in all cases be sufficiently long 
to enable equilibrium to be attained between the hydro- 
carbon and acid layers. With fresh acid and intimate 
mixing absorption is at first rapid, but with the accumula- 
tion of tertiary butyl alcohol this falls off, at first slowly 
and later more rapidly. To ensure rapid absorption it is 
therefore desirable to work to a limiting alcohol content. 

Within the range of acid concentrations normally em- 
ployed in the process there appears to be only slight varia- 
tion in the equilibrium concentration of isobutene in the 
hydrocarbon layer. 

There is yet another reason for limiting the alcohol con- 
centration. Although in the reaction equilibrium is almost 
entirely in favour of alcohol, a definite amount of isobutene 
remains in the hydrocarbon layer. Since this must neces- 
carily increase with increasing alcohol concentration, the 
higher the latter the greater the isobutene loss. It is there- 
fore more efficient in single-stage extraction to use a large 
volume of acid and to limit the absorption per cycle to 
a comparatively low figure. In practice it is convenient to 
operate to an acid gravity of l *2(>-l-30 corresponding with 
alcohol contents equivalent to 2-6 lb. isobutene per gallon 
of acid depending on the original acid concentration. 

For similar reasons it is advantageous to operate at 
temperatures as low as possible. Increase in temperature 
not only favours the equilibrium isobutene content in the 
hydrocarbon layer but increases materially the absorption 
of normal butenes. If absorption temperatures are suffi- 
ciently high, slow spontaneous polymerization occurs and 
there is a loss of polymer in the effluent hydrocarbon layer. 
In practice it has been found that absorption temperatures 
as high as 32-38° C. may be employed when using 60% 
acid without excessive absorption of normal butenes and 
without observable loss of polymer in the effluent hydro- 
carbon. Since the reaction is strongly exothermic, pro- 
vision must be made to dissipate the heat liberated, which 
is quite considerable. Calculations based on Francis and 
Kleinschmidt’s data [11, 1930] gave the value of 470 
B.Th.U. per lb. of isobutene dissolved without taking into 
consideration the heat of solution of alcohol in weak acid. 
Calculations based on heats of combustion, again neglect- 
ing heats of solution, gave the somewhat lower value of 
407 B.Th.U. per lb., while others based on Parks’ data 
gave a much lower figure in the neighbourhood of 300 
B.Th.U. per lb. 

In practice the process is best conducted in a counter- 
current continuous system where many of the above- 
mentioned difficulties are largely overcome. 

Polymerization. 

The acid-alcohol mixture leaving the absorption vessel 
contains, besides sulphuric acid, water, tertiary butyl alcohol 
and a small amount of hydrocarbons in solution. It is 
passed into the polymerizing vessel and heated until poly- 
merization is complete. Since the decomposition of the 
alcohol must regenerate completely the water consumed 
in its formation, it follows that when polymerization is 
complete the concentration of the recovered acid should 
be identical with that originally fed into the absorption 
plant. Actually there may be some slight loss of water 
from the system as there is a tendency for small amounts 
of tcrtiaiy butyl alcohol to be carried away in the product. 
The course of the polymerization can conveniently be fol- 
lowed by the gravity of the acid layer. 

Crude di-isobutene leaving the polymerizer consists 
essentially of a mixture of di- and- tri-isobutene, accom- 


panied by some dissolved isobutene and other hydro- 
carbons dissolved in the acid-alcohol mixture, small 
amounts of higher boiling polymers and traces of tertiary 
butyl alcohol. The amount of isobutene remaining dis- 
solved in the final product is determined by conditions 
existing in the polymerizer, such as the temperature and 
pressure at which the reaction is carried out. In practice 
most of the isobutene regenerated is disengaged and may 
be taken back to the gas-compression plant. The actual 
proportions in which the three main products, isobutene, 
di-isobutene and tri-isobutene, are formed during poly- 
merization are determined by three main factors. Two of 
these, the acid concentration employed and theacid/alcohol 
ratio, are associated with the absorption stage. The third, 
and possibly the most important, is the temperature at 
which polymerization is effected, a factor completely in- 
dependent of absorption conditions. 

Some mention has already been made of the effect of 
acid concentration upon the composition of the final pro- 
ducts. If a sufficiently low acid concentration is employed 
the acid-alcohol solution gives an almost entirely theoreti- 
cal yield of isobutene, a fact upon which is based a con- 
venient method for its preparation. With increasing 
concentration, however, the formation of isobutene de- 
creases and polymerization occurs until eventually the 
product consists entirely of polymerides, little or no iso- 
butene being regenerated. This reduction in isobutene 
formation is not the only effect produced by increase in 
acid concentration, for there is a simultaneous tendency 
towards the production of polymers of higher molecular 
weight at the expense of the lower. Fortunately the acid 
concentration range which gives rapid and effective iso- 
butene absorption in the first stage of the process coincides 
with that at which isobutene formation in the polymerizing 
stage is low and polymer formation high. Even over the 
range of acid concentration 50--65% there is an appreciable 
change in the proportion of the polymers formed. Thus, 
while isobutene regeneration is very marked with 50% acid, 
it is almost non-existent with 65 % acid. On the other hand, 
trimeride formation, which is comparatively small at the 
lower concentration, reaches 20-30% at the higher figure. 
The product normally formed when using 55% acid con- 
tains approximately 80% of the dimeride and 20% of the 
trimeride. Higher polymers are present but are not formed 
to any considerable extent-^about 5% — ^with acid of 60% 
concentration. Since the acid/alcohol ratio resembles the 
acid concentration in that it is generally limited to a com- 
paratively narrow range, it does not require very serious 
consideration. It is, of course, actually possible to carry 
the absorption to a stage at which the acid layer consists 
almost entirely of sulphuric acid and tertiary butyl alcohol. 
This, as has already been pointed out, is undesirable be- 
cause isobutene absorption becomes slow and inefficient. 
It is, moreover, undesirable for another reason, because 
increase in the alcohol/acid ratio favours isobutene re- 
generation. 

The temperature at which polymerization is effected is 
probably the most important factor of all since it deter- 
mines the rate at which the reaction proceeds and also 
influences to a very marked degree the proportions of the 
polymerides formed. At higher temperatures polymeriza- 
tion is rapid and the tendency is towards the lower mole- 
cular weight products, much isobutene escaping. Lower 
temperatures require a much longer time for complete 
reaction and less isobutene is formed. This is particularly 
well illustrated by the spontaneous polymerization of an 
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acid-alcohol solution (corresponding with 60% acid) over 
a period of several weeks at room temperature when the 
upper layer of polymer consisted very largely of the tri- 
meride. The same solution heated to 100'’ C. for a short 
time gave a product containing 80% di-isobutene with only 
20% of the trimeride. Rough determinations have in- 
dicated that a rise of 10® C. more than doubles the rate at 
which alcohol decomposition and polymerization proceed. 
Experience has shown that 80® C. is a suitable temperature 
although as wide a range as 60-90® C. has been successfully 
employed. 

Ilie pressure at which polymerization is effected may 
also be varied considerably but it is perhaps most advanta- 
geous to operate under the pressure prevailing in the 
absorption stage of the process. Increase of pressure re- 
duces the tendency of regenerated isobutene to escape 
polymerization. The pressure re- 


di-isobutene may be as much as 1% — varying with the 
depth below the interface of the feed line and the alcohol/ 
acid ratio of the feed— and it is obvious that water, in the 
form of tertiary butyl alcohol, is continuously withdrawn 
from the system. This loss should be corrected by the con- 
tinuous addition of the equivalent amount of water. 

As the acid at concentrations employed in the process 
is highly corrosive towards steel, it is necessary to protect 
the plant against corrosion. This is most conveniently done 
by lead-lining of the equipment. 

Product. 

The crude product leaving the polymerizer is generally 
pale yellow in colour and is given a neutralizing wash with 
soda or lime before distillation. Since it consists almost 
entirely of di- and tri-isobutenes with some dissolved gas, 


quired to reduce the escape of iso- 
butene to a low figure varies, of 
course, with the alcohol/acid ratio 
of the solution entering the poly- 
merizer, but with solutions of 
specific gravities in the range 1*20- 
1-30 this pressure need not be in 
excess of the natural vapour pres- 
sure of the hydrocarbon layer in 
the absorption vessels. 

Continuous Operation. 

While there are usually distinct 
advantages to be gained by operat- 
ing any process continuously, this 
is especially true of the production 
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of di-isobutene, particularly if a 


Fig. 3. Flow diagram of isobutene polymerization. 


counter-current system of absorp- 
tion is employed. The desirability of such a system is 
obvious when the reversibility of the reaction in which 
isobutene, water, and alcohol are in equilibrium is con- 
sidered. Extraction efficiencies are necessarily higher since 
material of low isobutene content is brought into contact 
with fresh acid while the raw feed stock meets acid already 
high in alcohol content. With a sufficient time of contact 
and provision to remove the heat of reaction (thus main- 
taining temperatures below the point where polymerization 
becomes noticeable), absorption proceeds satisfactorily. As 
the operation may without harm be performed up to 32- 
38® C., it is more convenient to work under pressure than 
to endeavour to maintain temperature below the boiling- 
point of the hydrocarbon fraction and dispense with 
pressure equipment. 

Polymerization can be effected continuously by passing 
the alcohol-acid solution into a vessel provided with steam- 
heating coils. As the specific gravity of the solution is 
comparatively low, the feed line is most conveniently placed 
at a point slightly below the interface of the crude di- 
isobutene and acid layers. Here it is decomposed to yield 
polymer which rises to the surface and a more dense solu- 
tion which tends to sink to the bottom of the vessel. Poly- 
merization proceeds steadily and fully recovered acid is 
obtained at the bottom. Crude di-isobutene and recovered 
acid can thus be drawn off continuously at different levels. 
The crude di-isobutene, in rising through the alcohol-acid 
solution, tends to carry with it some dissolved alcohol, 
especially near the surface where the alcohol/acid ratio is 
highest owing to the low specific gravity of the solution 
entering the polymerizer. The alcohol content of the crude 


no very rigorous fractionation is necessary to produce 
almost pure di-isobutene. Any gas present is passed back 
to the compression plant for recycling while the tri-iso- 
butene is collected as a separate distillate. The di-isobutene 
cut is a water-white product generally possessing a some- 
what sweetish odour owing to the presence of traces of 
oxygen compounds — probably mainly di-jec-butyl ether 
derived from absorbed n-butenes. Although it is known 
to possess excellent blending properties, especially in lower 
concentrations, there are no published data fully describ- 
ing its use or behaviour in the engine. 

Iso -octane 

Parks and Todd [23, 1936] concluded from a thermo- 
dynamic study of the energy changes involved that the 
direct addition of isobutene to isobutane to form iso-octane 
was theoretically possible, but their inference from the 
small free energy change was that the reaction would be 
exceedingly difficult to perform. Consequently they did not 
publish their data until it was actually shown by Ipatieff and 
V. Grosse [15, 1935] that the direct addition of paraffins to 
olefines, in the presence of boron fluoride and nickel 
powder and water, was experimentally possible. Such re- 
actions, however, need considerable development, and it 
will probably be some time before they are commercially 
operated. 

The preparation of iso-octane by the hydrogenation of 
di-isobutene using a nickel catalyst was first described by 
Edgar [9, 1927], who suggested its use as a standard refer- 
ence fuel for anti-knock measurement. 

It is obvious from an examination of the formulae of the 
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two isomers present in di-isobutene that both on hydro- 
genation must give one individual paraffin, 2,2,4-trimethyl- 
pentane: 


CH, CH, 

i ^ 

T \ 

CH, CH, 

CH, CH, 

I / 

CH,— C— CH-C 

I \ 

CH, CH, 


CH, CH, 

CH,— C— CH,— CH 
CH, \:h. 


Iso-octane prepared in this way has a pleasant odour 
and after careful purification gives the following constants : 


Boiling-point . 
Freezing-point 
Specific gravity 20®C/4°C 
Refractive index 20°C/£) 


99-37® C 
-167-6® C. 

0- 6920 

1- 3915 


Commercial iso-octane is to-day produced by the hydro- 
genation of di-isobutene, an operation which can readily 
be effected in the laboratory with the aid of a number of 
catalysts. The reaction, which is exothermic, has been 
examined by Crawford and Parks [6, 1936] who found 
experimentally for the reaction 

C,Hi, (Uq.) + H, C,Hi, Giq ) AH,„ - - 28,580 cal. 
as against a deduced value of 

AH,„ = -28,100 cal. (±3,000 cal.). 


While no published information concerning large-scale 
operation is at present available, there is little doubt that 
most of the iso-octane on the market has been produced 
by hydrogenation using a nickel catalyst (December 1936). 

The use of nickel as a catalyst is open to several serious 
disadvantages, the chief of which is its sensitivity to poison- 
ing, particularly by sulphur derivatives or carbon mon- 
oxide. Since the latter is to a greater or less extent a 
common constituent of hydrogen derived from steam re- 
actions, it is necessary either to employ very elaborate 
purification processes or, better, to use electrolytic hydro- 
gen — an expensive material economically possible only 
where electrical power is extremely cheap. 

While the presence of sulphur in the di-isobutene can 
to a large extent be limited either by the use of gases 
derived from non-sulphurous cracking stocks or by the 
removal of the sulphur bodies present in the C4-cut, it is 
difficult to reduce the final sulphur content to the low figure 
necessary for nickel catalysts. No exact value is available 
for the limiting sulphur content, but it is probably of the 
order of 0 01%. Naturally hydrogenation can be effected 
over nickel with a very much higher sulphur figure than 
this, but the life of the catalyst is considerably reduced. 
For satisfactory catalyst life an even lower figure is de- 
sirable, and this is extremely difficult to attain. Therefore, 
unless there is available a satisfactory method of catalyst 
regeneration, high catalyst costs are entailed even though 
the spent catalyst may have a definite scrap value on 
account of its nickel content. 

Nickel catalysts lend themselves for use either in vapour- 
phase or liquid-phase processes. While vapour-phase 
operation employs a supported nickel catalyst on an inert 
carrier — which may be nickel itself— it is difficult to control 
successfully on a large scale owing to the exothermic nature 
of the reaction. Not only is it difficult to dissipate the heat 
formed— a common source of trouble with catalysts of this 
type— but at the actual catalytic surface such high tem- 
peratures are reached that depoiyfnerization and other 


reactions take place to some extent. Operation under pres- 
sure increases the rate of hydrogenation. 

Liquid-phase hydrogenation follows the procedure nor- 
mally adopted in fat-hardening. The catalyst usually em- 
ployed, an easily decomposed nickel compound either 
alone or supported on an inert carrier such as diatomaceous 
earth, after previous reduction in hydrogen is added to 
di-isobutene in a pressure vessel provided with means for 
circulating hydrogen and maintaining the catalyst in sus- 
pension. The operation is conducted at approximately 
160-200° C., when hydrogen is rapidly absorbed and iso- 
octane produced. Although essentially a batch process, it 
is possible by suitable modification to make the process 
continuous, the catalyst being retained in the plant. Liquid- 
phase operation holds an advantage in that, as the catalyst 
is surrounded with liquid, heat is more easily dissipated 
and high local temperatures avoided. 

Catalytic activity eventually falls off due to poisoning, 
analyses of the spent catalyst generally show a small sul- 
phur content, probably present as y-nickel sulphide. 

Several catalyst regeneration processes have been de- 
scribed varying from electrolytic oxidation to treatment 
with weak volatile organic acids such as acetic acid, fol- 
lowed by reduction, but other than the electrolytic oxida- 
tion process [25] these do not appear very successful. 

A small amount of water is generally obtained during 
hydrogenation. Whether this is due to oxide remaining in 
the catalyst or to traces of oxygen compounds in the di- 
isobutene is uncertain. Its formation is unimportant and 
does not affect the process as far as is known. The progress 
of the hydrogenation is conveniently followed by the bro- 
mine or, better, the iodine value of the product. Specific 
gravity determinations alone do not give a safe indication 
since owing to depolymerization — particularly with a new 
and active catalyst — a misleadingly low figure is obtained 
owing to the presence of isobutane formed from isobutene 
by hydrogenation. 


Selective Polymerization. 


The recent discovery by the Universal Oil Products Com- 
pany that 100 octane fuel can be produced by hydrogena- 
tion of the condensation product from w-butenes and 
isobutene is extremely important, as this material will 
probably largely displace iso-octane in the future. If instead 
of the wide fraction containing ethylene, propylene and the 
butenes employed in the normal catalytic (phosphoric acid) 
polymerization process a narrow cut containing only the 
C4 hydrocarbons is employed, there is obtained a high yield 
of octenes, boiling somewhat higher than di-isobutene, in 
the range 100-20° C. This material consists largely of iso- 
meric octenes derived from the condensation of one mole- 
cule of a normal butene with one of isobutene. 

CH, CH. CH, CH, 


CH,— C-CH,+CH-CH— CH, CH,- 



-CH— CH, 


The main product is apparently 3,4,4-trimethyl pentenc 
boiling at 110°C. It is almost certainly accompanied by 
2,3,4-trimethyl pentene-2 formed by molecular rearrange- 
ment [31, 1936], di-isobutene in greater or less amount 
depending upon the relative proportions of the butenes 
present in the starting material, and some 3,4-dimethyl- 
hexene derived from normal butenes. 

CH,— CH=CH— CH, CH,— C-CH--CH, 

CHr-CHicH— CH, ^ CHr-^H— CHr-CH, 



2837 


DI-ISOBUTENE AND ISO-OCTANE 


Higher boiling constituents corresponding with trimerides 
arc also produced, but since they are not suitable for inclu- 
sion in aviation gasoline need not be considered here. The 
process is of particular interest as one molecule of octene 
is formed from one of isobutene instead of from two as 
with di-isobutene, so that the yield of useful product is 
approximately doubled for a given quantity of isobutene. 
As there is always an excess of normal butenes over iso- 
butenes in cracker gases this is of considerable importance, 


particularly as the product on hydrogenation gives a fully 
saturated paraffinic fuel of 96 octane number and good 
lead response comparable in all respects with iso-octane. 
It consists largely of 2,2,3-trimethylpentane, b.p. 110-5- 
1 10-8° 0-7219, and 1-4164 [5, 1912]. 

Whitmore and Laughlin [32, 1933] consider that this 
material contained olefines and that the correct constants 
for pure 2,2,3-trimethylpentane are: boiling-point (Cottrell) 
110-2" C, < 1-4030, df O’lm. 
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White oil, also known as medicinal oil or petrolatum 
liquidum to the pharmacist, is highly refined mineral oil. 
It is colourless, tasteless, and almost non-reactive to strong 
chemical reagents. Its original use for medicinal purposes 
now affords a minor outlet. White oils are used in diverse 
fields such as in textile work, in horticultural sprays, in 
cosmetics, for lubricating enclosed machines, &c. 

The first ‘white oil* was a straw-coloured crude oil pro- 
duced in the Surakhany district of Russia. For a century 
or more it was in great demand because of its reputed 
therapeutic properties. This established market for medi- 
cinal oil accounts for the fact that refined white oil was first 
made in Russia. In 1913 ‘Russian oil’ became introduced 
abroad for the treatment of chronic constipation. The 
interesting properties of the material, as well as the price 
that it commanded, soon stimulated the invention of new 
uses for it and new processes for its manufacture. 

White oil is commonly made to-day by the action of 
fuming sulphuric acid on petroleum distillates with the 
necessary subsequent washing and filtration through 
adsorbent clay. 

Petrolatum liquidum is the highest grade of white oil. Its 
quality is measured chiefly by its resistance to hot concen- 
trated sulphuric acid. This test is described below. 

Petrolatum liquidum must be colourless and free from 
objectional taste or odour. The specific gravity specified in 
the 17.5. Pharmacopoeia, 1926, is 0-828 to 0-905 at 25'’ C. 
and the kinematic viscosity from 0-370 to 0-381 at 37-8'' C. 
[5]. It is used as a vehicle or solvent for drugs in sprays, 
dressings, and tonics for internal and external use. Although 
white oil is harmless taken internally, its use in foods is 
prohibited by pure food laws in most countries. It is, 
however, occasionally used as fat substitute in reducing 
diets, for example, in salad dressing. 

White oils in a wide range of viscosity from that of kero- 
sine to that of medium-heavy lubricating oils are made for 
special purposes, and the degree of refining is frequently 
modified where the so-called technical white oils may be 
used. It is therefore possible to define white oils somewhat 
broadly. In specific cases a chemical test is used to specify 
the quality of the oil. For example, oil heated with stannic 
chloride yields a sludge if olefinic material is present. Oils 
for horticultural sprays are sometimes tested for sulphonat- 
able matter in a quantitative method using sulphuric acid, as 
described by Gray and de Ong [1, 1926]. In certain cases 
resistance to oxidation has been used in testing white oils. 
The pharmacopoeia hot-acid test has been modified to give 
a quantitative indication which is used in evaluating the 
lower grade white oils. This is discussed below. The colour 
specification varies from 15 to 30+ Saybolt scale and vis- 
cosity from 35 to 350 sec. at 100° C. Saybolt. 

In the production of white oil the lubricating property 
of the stock is not destroyed, but it is distinctly modified by 
changes in its ability to wet certain metals. When desired, 
this may be corrected by the addition of traces of fatty acid, 
soap, or other material. The oxidation characteristics of 
the oil is also modified by the refining process. Ordinary 
lubricating oil starts to oxidize immediately in an atmo- 
sphere containing oxygen, and the absorption of the oxygen 


proceeds at a constant rate. White oil, on the other hand, 
does not absorb oxygen for a time. This inhibition period 
depends on the temperature. Eventually reaction takes 
place and proceeds autocatalytically at an increasing rate. 
This phenomenon, studied by Haslam and Frolich [3, 
1927], is similar to the behaviour of motor-fuel, and may 
be corrected in a similar way by adding as inhibitors aro- 
matic amines, phenols which lengthen the inhibition period. 

Manufacture 

In the manufacture of white oil there are the following 
considerations : 

1. The selection of a suitable distillate from a suitable 
crude oil so that the finished oil will have the desired 
properties. 

2. The acid treatment of the distillate in the most 
economical manner. 

3. The final purification by solvents and adsorbents. 

4. Inspection. 

1. Chemically, the white oils arc naphthenes or cyclo- 
paraffins with traces of paraffins. White oil made from 
different crudes, however, vary widely in the relation 
between the specific gravity and viscosity. It happens that 
the original Russian oils had a high specific gravity com- 
pared with that of most white oils of the same viscosity from 
other sources. This has prejudiced many white oil con- 
sumers in favour of high specific gravity. In Europe white- 
oil stocks are manufactured, not only ffom Russian crude, 
but from imported crudes of naphthenic tyf)e. In America, 
Peruvian stocks were popular for a time because of the 
high specific gravity white oil obtained. The semi-asphaltic 
crudes of Texas also give white oils of the same viscosity- 
gravity relationship as that of the Russian oils. In order to 
maintain uniform quality with a given crude stock, it is 
necessary to select a uniform cut by fractional distillation. 

2. Fuming sulphuric acid is universally used in white oil 
manufacture since it is both cheap and efficient and affords 
the most direct method of meeting the hot-acid test 
specifications. As preliminary steps in the refining 66 Be. 
acid or aluminum chloride may be used, or extractive agents 
such as phenol or sulphur dioxide. Such procedure, how- 
ever, does not increase the overall white-oil yield or change 
the properties of the product. The acid-treating technique 
docs not differ from the procedure used in general acid 
treating. The requirements are: good dispersion of acid in 
the oil, temperature control, and the application of the acid 
in several dumps with the removal of the sludge between 
dumps. As much as 50% by volume of 20% oleum may be 
required to make pharmaceutical oil. 

3. The accumulation of sulphonates in the oil tends to 
slow down the action of the acid towards the end of the 
treating. In some cases it is necessary to interrupt the treating 
and remove them. In all cases the sulphonates are removed 
at the end of the treating by one of the following methods: 

o. The acid oil may be neutralized with caustic soda and 
washed with a small volume of hot water. This pro- 
cedure avoids emulsions if the wash contains excess- 
alkali. 



2839 


WHITE OILS 


b. The neutralized acid oil may be distilled overhead with 
fire and steam with care to avoid cracking. The alkali 
sulphonates remain in the still bottom. 

c. The sulphonates may be removed by means of water 
soluble inorganic solvents, such as alcohol or acetone. 

The use of solvents is in general favour since the realiza- 
tion of the useful properties of the sulphonates. Although 
it makes necessary special equipment for the recovery of 
the solvent, this method is generally the most economical. 
After the removal of the residual solvent from the extracted 
oil, it is treated with clay to produce the finished white oil. 

Floridin is in general use in America for finishing white 
oils. Activated clays are somewhat less effective in remov- 
ing the traces of colour and taste. For percolation filters, 
30- to 60-mesh per in. screened clay is used. Finer clay is 
used for contact filtration. Filtration temperatures above 
150° F. are undesirable because of the susceptibility of the 
oil to oxidation. Dilution of the oil before filtration is im- 
practicable due to the difficulty of removing the solvent 
without harming the finished oil. The used clay may be 
reclaimed and re-used to a limited extent. The consump- 
tion of floridin is sometimes as high as 200 lb. per barrel of 
oil produced. This depends on the stock and on how well 
the treating has been carried out. 

The manufacture of white oil differs from lubricating oil 
processes mainly in the degree of thoroughness in which 
the steps are carried out. The chemical theory involved 
is necessarily vague since the chemical nature of the oils 
themselves is imperfectly understood. The white oil treat- 
ing is interesting where it goes beyond ordinary acid treat- 
ment; that is to say, after the first portion of acid. In the 
later acid portions the sludge appears to be a mixture of 
fairly definite compounds in the unused acid. The by- 
products of white oil treating are discussed under ‘Sulpho 
Acids’ (p. 2840). As stated above, the accumulation 
of sulphonates in the oil inhibits the action of the acid 
towards the end of the treating. This is because the acid 
acts partly upon the sulphonates, converting them to tar. 
The polymers produced by the oleum in the first acid 
portions disappear on further acid treatment. 

The sludge from white oil acid treating contains 50% or 
more of free sulphuric acid. On standing it forms a solid 
residue similar to acid cake and liberates a quantity of dark- 
coloured oil-soluble material. For this reason the sludge 
is promptly removed after each addition as in lubricating 
oil treating practice. 

Finished white oil intended for medicinal purposes is 
protected from contamination since it readily dissolves 
odours. Exposure to sunlight hastens oxidation. In a week 
or so a distinctly rancid taste develops. On further exposure 
the oil may even become yellow. Technical white oils 
generally require less care, although their sensitivity to light 
may be greater. 

4. In the general inspection the regular lubricating oil 
physical tests are used. A sodium plumbite test for sulphur 
is mentioned in the British Pharmacopoeia, but invariably 
an oil passing the hot-acid test passes most other chemical 
tests as well. 

Hot- Acid Test 

In making the hot-acid test it is essential to use sulphuric 
acid of a standard strength, say 95% sulphuric acid plus or 
minus 0*2%. Equal volumes of the acid and the oil are 
placed in a dry, clean, glass-stoppered test-tube and im- 
mersed in boiling water for 10 min. At 30-sec. intervals the 
tube is shaken briskly and returned to the water-bath. After 


finally cooling and settling, the oil layer should be colour- 
less and the acid layer not darker than pale amber. This 
colour has been tentatively defined by the U.S. Customs 
Department by the use of a dye [4, 1932]. A methyl-orange 
solution in water (0 0008% concentration) has been sug- 
gested. For measuring lower acid tests on technical oils 
a scale of colour based on inorganic solutions has been 
used by Weiss [6, 1918]. A colorimeter, using standard 
colour glasses as described below, is both convenient and 
accurate. The reproducibility of hot-acid colours depends 
on adherence to a standard technique of shaking. A com- 
plete discussion of the hot-acid test has recently been given 
by Hampshire and Page [2, 1934]. 

The stability of white oil to oxidation is readily measured 
by placing a sample in a steam-bath at 100° C. overnight. 
A stable oil will have a hot-acid test unchanged and will 
not have developed a rancid taste. As a test for white-oil 
stability, 16 hr. at 100° C. has been found to be equal to 
more than 2 years storage at room temperatures. 


Typical White Oil Inspections 



Sp. Gr. 

Say. Vis. \ 

Pensky 

Cloud 

Pour 

Hot-acid 

Sample 

60“ F. 

l0(y^F.sec.\ 

flash 

°F. 

“F. 

test 

A 

0-890 

350 

375 

38 

-30 

300 

B 

0-886 

225 

365 

52 

-30 

250 

C 

0-846 

82 

360 

50 

-f 10 

230 

D 

0-827 1 

50 

310 

48 

+ 35 

60 


Note: This hot-acid colour scale is ten times the milli- 
metres depth of acid required to match a N.P.A. colour 
disk no. 2^. The Lovibond analysis of the disk is 27 Y 4-6R. 
A reading of 200 corresponds approximately to U.S. P. pale 
amber colour. 


Miscellaneous Properties of White Oils 

Sulphur determination (bomb method) . 0 05-O1 % 

Surface tension (drop weighed method) . 45-55 dynes per cm. 


Refractive index at 26® C. 

Iodine number (Hanus method) 
Vapour pressure 125 Vis. WO 

r, 340 Vis’ Vo 
Latent heat of evaporation . 

Distillation atmospheric pressure 


. 1-46-1 -48 
. 9-2-0-8 

. 110®C. 0 005 mm. Hg. 

. 134-5®C. 1-0 
. 167-5® C. 3 0 
. 183-2® C. 6-0 
. 184® C. 9-0 
. 50 calories per gramme 
f Initial, 570-670° F. 

• I Final, 680-750® F. 


Viscosity temperature index is slightly less than that of the 
better grades of Pennsylvania lubricating oil. For example, 
a low cold test oil of 85 sec. viscosity Saybolt at 100° F. 
was 2,000 sec. at 0° F. 


Stability of White oils 
Exposure to sunlight at room temperature: 
Medium quality of oil is off colour in 7 days. 
Good quality of oil is off colour in 6 weeks. 

Exposure to air at 100® C.: 

Poor quality oil very rancid in 4 hr. 

Medium quality oil slightly rancid in 8 hr. 
Good quality oil not rancid in 16 hr. 

The oxidation of white oil is catalysed by copper. 
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SULPHO ACIDS 


By F. M. ARCmBAtO, M.A., PI1.D. 

Plant Chemist^ Standard Oil Company of New Jersey 


SuLPHO acids are the product of the reaction of sulphuric 
acid with petroleum. The term broadly includes acid pro- 
ducts found in the acid sludge and acid products in the 
treated oil. They are known respectively as green acids 
and mahogany acids because of their colour in the crude 
state. They are used in both the neutral and acid state as 
emulsifying, dcmulsifying, or dispersion agents in a large 
variety of applications. The ordinary acid treatment of oil 
does not produce sulpho acids of good quality since only 
sufficient acid is used to remove the lower-grade impurities, 
such as asphaltenes and sulphur compounds. The best raw 
material is obtained by the later additions of acid when 
treating white oil. 

The mahogany acids or oil-soluble sulphonic acids are 
extracted from the treated oil with alcohol and generally 
after several treatments with acid. The acids are neutralized 
with alkali since they are most commonly used as the alkali 
soaps. 

Further purification from mineral salts, &c., is made 
by dissolving the soap in a dry organic solvent and settling 
or filtering. The action of a mild oxidant such as hydro- 
gen peroxide is sometimes used to improve the colour. 
Ordinarily the soap contains up to 10% of oil. This may 
be removed from a dilute alcoholic solution of the soap 
by repeated extraction with petroleum ether. The dried 
soap is then a resinous solid, yellow to orange in colour, 
hygroscopic, softening below 60° C. 

The sulphonic acid and its alkali soaps can easily be dis- 
persed in water in all proportions. The alkali soaps are 
soluble in oil but not the heavy metal soaps. Sodium 
sulphonate is stable to heat at 1 30° C. but at 200° C. breaks 
down rapidly to a tarry material. Solutions of the sodium 
sulphonate in oil make it emulsifiable in water in all propor- 
tions. From 5 to 30% soap is required depending on the oil 
and on the purity of the soap. The quality of the emulsion 
is frequently improved by adding to the oil traces of sodium 
resinates or triethanolamine oleate. 

A crude form of mahogany soap made from low viscosity 
oils is used for splitting fats. The principal use of mahogany 
soap is in textile oils, metal-cutting oils, and in miscella- 
neous oil emulsions. Numerous patented uses for mahogany 
soaps are given by Carleton Ellis [1, 1934]. 

The mahogany acid from a given oil is a fairly definite 
chemical compound. The combining weight is the same as 
the molecular weight, since the acid is monobasic and may 
range from 350 to 500-g. ^uivalents, depending on the 
viscosity of the oil from which it is made. The mahogany 
acids are strong acids as shown by the fact that the alkali 
soaps arc not hydrolysed in water. The amount of maho- 
gany soap in oil may be estimated by extraction with 50% 
aqueous alcohol and washing back with petroleum ether. 
If the combining weight of the soap is known, the soap may 
be estimated from its ash which contains just one-half of 
the sulphur trioxide content of the soap and is weighed as 
sodium sulphate. 

The sodium sulphonate may be converted to mahogany 
acid by washing it in an ether solution repeatedly with 
strong hydrochloric acid. In this way the soda may be 


removed, the acid may be dried, and its combining weight 
determined directly. Schestakoff* [2, 1913] gives as the 
empirical formula C^lIjn-iaSOs. 

The green acids are separated from acid sludge by dilut- 
ing the sludge with water sufficient tocause the freesulphuric 
acid to separate as a 50% solution. Sulphuric acid of that 
strength has a minimum solubility for the green acids. 
Temperatures up to 100° C. do not seriously affect the 
quality of the green acids after dilution. For many pur- 
poses the green acids are used without further purification. 
On adding further water they go completely into solution 
and may be neutralized with ammonia or caustic alkali, 
giving a brown soap soluble in water in all proportions, but 
containing colloidal material which separates on standing. 

Unlike the mahogany acids, the green acids are definitely 
a mixture. They contain individuals of molecular weight 
ranging from 150 to 1,000. In further purification advan- 
tage is taken of the fact that the heavier acids form in- 
soluble calcium soaps, whereas the light acids give calcium 
soaps soluble in water. This precipitation must be made in 
dilute solutions because the precipitate is bulky and tends 
to occlude most of the light soaps. 

The green sulpho soaps arc used in emulsifiers, wetting 
agents, pickling inhibitors, foaming agents, and dust-laying 
compounds. Twitchell’s reagent used for splitting fats is 
made from green acids by partial purification, but has 
largely been superseded by the crude form of mahogany 
soap mentioned above. Miscellaneous patented uses of 
green acids are given by Carleton Ellis [1, 1934]. 

The light green acids were studied by Spiegel in 1891 and 
termed thumenol-sulphonic acids. He believed the heavy 
acids to be sulphones [3]. Von Pilat and Sereda ( 1928) 
classified the sulpho acids according to the solubility of 
their calcium salts in ether and in water as alpha, beta, and 
gamma [4, 1933]. The classification of the green acids by 
the use of precipitanls and solvents in any case is somewhat 
arbitrary. The amount of soap precipitated by metal salts 
is proportional to the molecular weight of the metal used. 
The ammonium soaps are almost completely water soluble. 

The green acids are precipitated from dilute acid solu- 
tions by fresh albumen or by ethyl benzylaniline. This fact 
is useful in sludge analysis since the separation is quantita- 
tive. The heavy soaps of alkali metals may be extracted 
from an aqueous solution with benzol. It is difficult to 
remove from them any associated non-acidic matter. They 
have not only a lower acidity than the light acids but a 
higher unsaturation. The empirical formula of the green 
acids ordinarily varies from C„H 2 ,^eS 04 to C„Hj„_jS 04 . 

Spiegel [3, 1891] gives an empirical formula correspond- 
ing to CnH 2 n-i 5 S 04 , which indicates that his sludge was not 
made by carefully controlled acid treating. 
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ICHTHYOL 

By G. H. SMITH, Ph.D., A.R.T.C., A.LC. 

Scottish Oils, Ltd. 


Commercial ichthyol is the ammonium salt of the so-called 
ichthyol sulphonic acids, prepared by sulphonating the 
crude oil distilled from certain sulphurous shales, and is 
used principally for its therapeutic effects in skin diseases. 

It is recorded that as far back as the sixteenth century 
the Tyrolese peasants produced, by distilling the local shale, 
a tarry oil which they found very beneficial in treating 
wounds, skin diseases, and sores of all kinds. The develop- 
ment of the ichthyol industry, however, really commenced 
in 1891, when the Ichthyol Geschellschaft-Cordes Her- 
mann! & Co. formed in Hamburg started operations. These 
shale deposits of the Austrian Tyrol together with similar 
deposits in Germany, Switzerland, and Italy should be re- 
garded as a special type of shale, since these beds, found in 
very thin layers, are very rich in fossil fish remains (from which 
the name ichthyol is derived) and are of value only for the 
ichthyol that is produced therefrom. Originally the name 
ichthyol referred to the crude oil, but since the sulphur con- 
tent was increased by sulphonation, the term ichthyol has 
applied to the improved product and now denotes the 
ammonium salt of the ichthyol sulphonic acids. 

The first deposits to be worked were those at Seefeld, 
near Innsbruck on the south slope of the Karwendal moun- 
tains which form the boundary between Austria and 
Bavaria. The yield of oil was 9 to 10 % and the sulphur con- 
tent of oil 3 to 6%. Similar deposits on the German side 
of the mountains along the valley of the Isar were ex- 
ploited in 1920, but here, according to Alderson [1, 1923], 
the shales are exceedingly rich in fossil fish remains and 
gave 30% of oil. Deposits of the same type of ichthyol 
shale have been mined and processed near Lake Lugano 
in Switzerland, yielding an oil termed ‘Saurol’ which 
closely resembles ichthyol in its therapeutic properties; the 
purified oil contains 6 to 7 % of sulphur in organic combina- 
tion Neran [11, 1917]. The Italian deposits which occur in 
several districts are said to be connected with those of 
Switzerland. 


Analyses of two samples of Ichthyol Shales 



Karwendal oil shale 
Berl and Schmid 
[5, 1926] 

Swiss oil shale 
Alderson [1, 1923] 

Moisture . 

1*25 

2*0 

Ash .... 

52*08 

47 

Total vol. matter 

37*98 


Nitrogen 

0*36 


Sulphur 

3*98 


Oil yield 

18% (temp. 

2i% 

Sulphur in oil 

545° C.) (press. 
10/50 mm.) 
about 1 1 % 

5-83% 


Briefly the process of ichthyol manufacture is as follows: 
The shale is distilled in iron retorts, which may be stationary 
or rotary, either under atmospheric or reduced pressure. 
The oil vapours evolved are condensed, the oil separated 
from the water and treated with concentrated or fuming 


sulphuric acid. When all reaction has ceased, sufficient 
water is added to dissolve the products of sulphonation, 
which are then salted out with sodium chloride and neutral- 
ized with ammonia. This ammonium salt of ichthyol 
sulphonic acid is known commercially as ‘Ichthyol*. 
Helmers [6, 1894] recovered the ichthyol sulphonic acids 
from the mixture by neutralizing them with alkalis and 
separating with solvents such as alcohol, benzene, and 
chloroform. 

Ammonium ichthyol sulphonate is a dense reddish- 
brown oil soluble in water and also in a mixture of alcohol 
and ether. 

Scheibler [14, 1915] in his classical work isolated and 
identified a number of thiophene homologues from crude 
Ichthyol oils. Bauman and Schotten [3, 1912] attributed 
the formula C28H26S (S020H)2 to ichthyol sulphonic acid, 
and it has been stated that the ammonium salt of this acid 
is principally C28H26S {S020NH4)2, but the origin of this 
material, its method of preparation, and indeed its proper- 
ties must lead to the conclusion that it is a mixture of many 
compounds. This is demonstrated by Passmore [12,1909] 
and by Beckurts and Frerichs [4, 1912], who examined 
samples of commercial ichthyol and their derivatives and 
substitutes. The latter gives analyses of seven samples of 
ichthyol, and their constituents varied as shown below: 

Dry residue . 53*99 to 56*84% Sulphur as sulphide . 6*63 to 7*1 % 

Total sulphur . . 10*74,, 11*27% Total ammonia . 2*95 „ 3*02% 

.Sulphate sulphur 1*45,. 1*51% Amm. sulphate . 5*98 „ 6*1% 

Sulphonic sulphur . 2*54 „ 2*76% Ash . 0*05 „ 0*07% 

Oxidation of the ichthyol sulphonic acids by oxid- 
izing agents such as hydrogen peroxide has been applied 
to render them tasteless and odourless (Helmers [7, 1897]), 
but this treatment partly destroys its medicinal properties. 
Knoll & Co. [10, 1897] patented a process whereby 
ichthyol sulphonic acid is deodorized by treatment with 
steam under reduced pressure. 

Many derivatives and substitutes for ichthyol have been 
produced, all having more or less the same therapeutic 
properties; a few of these are given below: 

Ichthaldin. Complex compounds of ichthyol sulphur 
acids and albumin. Helmers [9, 1900]. 

Ichthyoform, Compounds of ichthyol sulphonic acid 
and formaldehyde. Helmers [8, 1899]. 

ThalassoL Produced by sulphonating the crude ichthyol 
oil by chlor-sulphonic acid and neutralizing the pro- 
duct with ammonia. Schauffer and Faber [13, 1920]. 

At various times attempts have been made to introduce 
sulphur artificially into hydrocarbons by heating them with 
sulphur, but the formation of thiophene derivatives from 
petroleum oils by this means is only one of many types of 
reactions that may occur, and consequently the yield is low. 
Oils thus prepared have been processed similarly to ichthyol 
crude oil, but the final product is definitely inferior to the 
real ichthyol (Anon. [2, 1930]). 
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PETROLEUM OILS AS INSECTICIDES AND FUNGICIDES 

By C. POTTER, B.Sc., D.I.C, Ph.D. 

Department of Zoology and Applied Entomology, Imperial College of Science and Technology 


Petroleum Oils to Control Plant Pests. 

The problem in this field is to obtain an oil and method 
of application which will kill the insect without damaging 
the plant. The oils first used were unrefined kerosines; at 
the present day emulsions of refined oils of relatively high 
boiling range have replaced them. Kcrosine was first men- 
tioned as an insecticide in 1763 [8, 1930]; it was then 
brushed on to the plant in an undiluted form. In 1868 [8, 
1930] it was first used as an emulsion and in 1880 as a spray 
[12, 1933]. Kcrosine emulsions were then used on dormant 
trees. Light to medium lubricating oils were used to seme 
extent between 1903 and 1910 [64, 1931], In 1905 a 
machine was introduced to apply oils in an atomized 
form [63], but it was not widely used. The lubricating oils 
were not commonly used until 1922. In 1926 Gray and 
De Ong [24] showed that the toxicity of a petroleum 
oil to foliage increased directly in proportion to the 
amount of unsaturated hydrocarbons present and that 
by the use of refined oils the risk of damage to plants 
was much lessened. Subsequent to this time the refined 
higher boiling-point fractions of the petroleum oils came 
into general use both in the winter on dormant trees and 
in the summer. In 1933 the use of atomized oils was revived 
[35], and they have since been used from aeroplanes [28, 
1933] and in glasshouses [10, 1936]. The oil may be ato- 
mized undiluted or in the form of a water-in-oil emulsion. 
At present emulsions of oil in water sprayed on to the plant 
by means of a pneumatic or power sprayer is the most 
common method of using oils in plant protection. 

Plant-feeding Insects Controlled by Petroleum Oils. 

Petroleum oils belong to the class of contact insecticides, 
and may therefore be used against either the type of insect 
that feeds on the surface of the plant or the type that 
pierces the surface and feeds on plant juices. These oils 
may further be used to kill any stage of the insect from the 
egg to the adult. It is, however, only against certain species 
of insects that they have been found to be the most effective 
insecticides, and for some species they appear, for practical 
purposes, to be ineffective when used alone. In England 
petroleum oils are used as winter sprays against Apple 
Capsid Plesiocoris rugicollis Fall, (eggs), Common green 
capsid Lygus pabulinus Linn, (eggs). Mussel scale Mytilaspis 
pomorum Bouch6 (eggs), Woolly aphis Eriosoma lanigerum 
Hausm. (adults). Fruit-tree red spider Oligonychus ulmi. 
Koch (eggs), and Pear-leaf blister mite Eryophyes pyri 
Val. (adults). 

In the summer in England oils may be used against 
Brown scale Lecanium corni Bouche, Mealy plum aphis 
Hyalopterus arundinis F. and the Greenhouse red spider 
Tetranychus telarius Linn. 

In the United States oil sprays are used against a variety 
of scale insects on various plants, more particularly citrus 
plants. San Jos6 scale Aspidiotis perniciosus Corns, is one 
of the most important. In addition winter oils are used 
against the Orchard-leaf Roller Cacoecia {Tortrix) argyro- 
spila Walker (eggs). Case bearers on apples, various tree 
hoppers, e.g. Apple-leaf hopper Empoasca mali le B. and 


Rose-leaf hopper Empoa rosae Linn, (eggs), European red 
spider Paratetranychus pilosus C. and F. (eggs), Clover or 
Brown mite Bryobia praetiosa Koch (eggs). In the spring 
oils are used against newly emerged aphides. Rosy apple 
aphis Anuraphis roseus Baker, Green apple aphis Aphis 
pomi De G., Black cherry aphis Myzus cerasi F., Peach 
aphis Myzus persicae Sulzer and againat onion maggot 
Hylemyia antiqua Meig. Summer oils arc used against 
the Oriental fruit moth Grapholita molesta Busck, Aphids, 
Thrips, Leaf hoppers and red spiders, more particularly 
Two-spotted mite Tetranychus bimaculatus Harvey, and 
European red mite Tetranychus telarius Linn. 

In glasshouses oils are chiefly used against Greenhouse 
red spider Tetranychus telarius Linn., but they are also used 
against several species of Thrips, Scale insects, and Mealy 
bugs. 

Oils arc used to kill insects present in the soil. Noble 
[45, 1932] recommends kcrosine emulsions for sod web- 
worms in lawns. Hammer [27, 1934] successfully applied 
clay emulsions of kcrosine against pupae of Apple maggot 
Rhagoletis pomonella, and Wiesmann [66, 1935] completely 
controlled Cherry fly Rhagoletis cerasi L. with a mineral 
emulsion applied to the soil to kill the pupae. Petroleum 
oil is used in canker paints for Woolly aphis Eriosoma 
lanigerum Hausm. [13, 1933]. 

Combination of Oils with other Insecticides. 

The combination of oil with another insecticide may 
prove more efiective than either material used alone. Oil 
is frequently used in combination with nicotine, pyrethnim, 
derris, or lead arsenate. The oil-lead arsenate combination 
has been found to be an improvement on lead arsenate 
alone for the control of Codling moth Cydia (Carpocapsa) 
pomonella Linn, in America; it has the disadvantage that 
the oil makes the removal of the poisonous deposit of 
arsenate difficult. A combination of petroleum oil and tar 
oil has been found to be an effective winter spray in 
England to control the overwintering stages of the pests 
of fruit trees. Oil sprays are used to increase the effective- 
ness of hydrogen cyanide fumigation of scale insects on 
citrus. 

Effect of Petroleum Oils on the Plant. 

Where it is possible to apply oils to the plant during the 
winter and effectively control the insect, the risk of damage 
to the plant by the oil is greatly reduced, especially with 
deciduous plants. Oils applied in the summer are absorbed 
by the foliage, and damage is more likely to occur. 

Oil damage can be divided into two categories: (1) acute 
injury (necrosis), (2) chronic injury. The first may be 
caused by either the light, medium, or heavy fractions of 
oil, and is determined more by the chemical than the 
physical characteristics of the oil. Gray and De Ong [24, 
1926] concluded that the phytocidal properties of oils were 
closely correlated with their content of the more reactive 
constituents which are removed by sulphuric-acid treat- 
ment. No conclusive evidence is available of the exact 
composition of the phytocidal substances removed by 
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refining. The symptoms of acute injury are spots on the 
leaves and fruit, marginal killing of the leaves, russeting 
of fruits, killing of lateral twigs, fruit spurs, fruit buds or 
branches [12, 1933]. 

Chronic injury is caused by the heavier refined oils and 
is due to metabolic disturbances caused by physical inter- 
ference with the physiological process. Tlie oil interferes 
with respiration and transpiration [46, 1934], the leaves 
may contain more chlorophyll than normal [21, 1929], and 
their starch content may be higher [60, 1931]. Kelly [31, 
1930] found that oils decreased the transpiration rate and 
that the reduction was due to physical causes; he decided 
that the viscosity of the oil was important. Oils are ab- 
sorbed principally through the under surface of the leaf 
[21, 1929] and may be translocated from root to leaf and 
vice versa [33, 1929]; these authors considered that the oils 
penetrated the cell, but Rohrbaugh [54, 1934] states that 
they were not found in cells containing protoplasm. Knight 
[32, 1928] found that oils of high viscosity choke the vas- 
cular system of the plant, and Young [68, 1934] states that 
large amounts of oils present in the parenchymatous tissues 
retard the diffusion of oxygen and carbon dioxide, and 
when present in the tracheae retard the diffusion of water. 
The severity of the physiological disturbances depends on 
(a) the viscosity of the oil [12, 1933; 16, 1932; 46, 1934], 
the more viscous oils being the most difficult to eliminate 
[54, 1934]; (6) on the amount of oil penetrating; this will 
be approximately the same for a given oil content since the 
amount evaporating before absorption is very small with 
insecticidal oils [33, 1929]. The resumption of normal pro- 
cesses is dependent on the elimination of oil from the plant 
tissues [7, 1929; 32, 1928; 33, 1929]. Swingle and Snapp 
[64, 1931] consider that the oil would be dispelled by oxida- 
tion and by means of micro-organisms; Knight, Chamber- 
lin, and Samuels (33, 1929] state that it is deposited in the 
large storage cells of the pith and in the old wood fibres 
of the xylem. 

Cumulative effects of oil sprays due to their being used 
too often in one season have been observed [30, 1935; 
46, 1934]. The question whether oils have a cumulative 
effect when used over several seasons is not settled. 

From these data it is evident that the least viscous oil 
compatible with insecticidal efficiency should be used. 
Symptoms of chronic injury are yellowing and fall of 
leaves, loss of fruit, loss of terminals. The number of fruit 
buds may be reduced and retarded, and the colouring of 
the fruits impaired [12, 1933]. After the use of summer 
oils the leaves may fall later than normal [21, 1929]. Oil 
sprays on greenhouse plants may give rise to oedema due to 
interference with the water metabolism of the plant. Plants 
vary considerably in their resistance to oil-spray damage; 
the nature of the resistance factors is not known. A number 
of external factors affect spray damage. Damage to citrus 
trees was greater when the trees were in need of irrigation 
[7, 1929]. Injury may result if rainy weather follows 
spraying, owing to interference with respiration at high 
humidities [46, 1934], Spraying should not be done at 
90° F. or higher [46, 1934] or below 40° F. [64, 1931]. Oils 
are liable to damage the plant when spraying is followed 
by severe cold [51, 1935]. 

Special methods have been tried to eliminate the toxic 
effect of the oil on the plant. Carter [9, 1934-5] used oil- 
charged bentonite particles. Knight and Cleveland [34, 
1934] found that the glycerides of higher fatty acids or 
other hydroxy esters of organic acids that have a high 
molecular weight, and certain salts containing polyvalent 


cations, retard the penetration of the oil into the fnut and 
leaf tissue and thus increase the effectiveness of the oil film. 

Effect of Petroleum Oils on Insects. Effect of Physical 
Properties of the Oil. 

Shafer [55, 1911] and Moore and Graham [40, 41, 1918] 
showed that the vapours of the more volatile petroleum 
oils were toxic, and Shafer [56, 1915] and Vickering [66, 
1917] considered that the vapours affected enzyme activity. 
Although the more volatile oils were more toxic as vapours, 
the high boiling-point fractions were more toxic in the form 
of emulsions [41, 1918]. The increasing toxicity of emul- 
sions with increase of boiling range of the oil was also 
shown by Griffin, Richardson, and Burdette [26, 1927] 
using Aphis rumicis, De Ong, Knight, and Chamberlin 
[14, 1927], English [19, 1928], Ebeling [16, 1932] on scale 
insects, and Penny [49, 1932] on eggs of red spider. When 
using undiluted oils the most effective boiling range depends 
on the stage of the insect ; with active adult insects (Houseflies) 
it was found that the more volatile fractions were the most 
toxic. Gibson [25, 1935] found kerosine more effective 
than lubricating oils to mosquito larva; using the eggs of 
mussel scale Lepidosaphis ulmi L., Pickering [15, 1906] 
found that the lower boiling-point fractions were ineffective 
owing to too rapid volatilization. The penetration of oil 
into the insect has been shown by Shafer [55, 1911], adults. 
Nelson [44, 1927], adults, O’Kane and Baker [47, 1934; 
48, 1935], eggs, and Ebeling [18, 1936], adults. These 
authors find that oils may sometimes be excluded by closing 
the spiracles and sometimes not; oils will penetrate the 
armour of scale insects. 

Effect of Chemical Properties of the Oil. 

No information is available on the toxic constituents 
of the vapours of petroleum oils. Using undiluted petro- 
leum oil and its constituents on mosquito larvae Murray 
[42, 1936], showed that the aromatic hydrocarbons arc 
chemically toxic; the refined oils did not show this action. 
When used as an emulsion on dormant stages of insects 
in the field, aromatic hydrocarbons in the form of tar dis- 
tillates are effective in some instances, and only petroleum 
oils with a high percentage of unsulphonatable residue in 
others. Against the eggs of Cheimatobia bruniata [66, 1927], 
Plesiocoris rugicollis [61, 1930], and Lygus pabulinus [2, 
1934; 3, 1935] it was shown that a certain percentage of 
saturated hydrocarbons was essential, and the relative in- 
effectiveness of the tar distillate sprays on scale insects 
compared with saturated petroleum oils is shown by Hough 
[29, 1932]. On the other hand, tar distillates are effective 
against the eggs of Aphididae and Psyllidae which are not 
affected by the saturated petroleum oils, and Sleesman 
[57, 1935] found that dipping the eggs of Hylemyia antiqua 
in undiluted oil for 60 minutes did not reduce the rate of 
hatching. Austin, Jary, and Martin [2, 1934] showed that 
the action of petroleum oils on the eggs of Lygus pabulinus 
was independent of the base of the oil. 

Mode of Action of Petroleum Oils. 

The available evidence indicates that the paraffinic and 
naphthenic constituents of petroleum oils have little or no 
chemical toxic action; the aromatic and olefinic con- 
stituents arc actively toxic but may not be used in foliage 
sprays owing to their phytocidal properties. 

Staniland, Tutin, and Walton [61, 1930] postulate a 
stifling action for the saturated hydrocarbons and a chemi- 
cal action for the aromatic compounds, but there is still 
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very little detailed evidence on this subject, most of the 
data available being obtained from observations of the 
action of oil emulsions in the field. 

Specification of Oil to use on Plants. 

The type of oil to use depends first on whether the tree 
is dormant or active, and it is possible to spray dormant 
deciduous trees more drastically than dormant evergreens. 
A summary of the factors involved in drawing up a speci- 
fication of an insecticidal oil is given by Martin [37, 1935]: 
the characteristics to be stated are (a) distillation range, 

(b) viscosity for physical characteristics, (c) unsulphonated 
residue or iodine value as a chemical criterion. From a 
consideration of the available data Martin tentatively 
specifies a winter oil satisfying the following criteria: Sp, 
gr (60° F.) 0-86-0-92; Boiling range at least 90% by vol. 
to distil above 315° C.; at least 50% by vol. to distil 
above 350° C., at least 20% by vol. to distil above 380°C.; 
Viscosity Redwood no. 1 at lO"" F. < 125 sec. and > 300 
sec,; Unsulphonated residue < 60% by vol. The oil should 
yield 100% neutral oils and be free from alkali. Not enough 
evidence is available on the other physical and chemical 
properties of the oil to make a useful statement. 

For a summer oil for use on deciduous trees and herba- 
ceous plants Martin suggests the following specification: 
Sp, gr, (60° F.) 0-86-0-92; Boiling range < 90% of the oil 
distil above 300° C., < 10% below 330° C., -4: 50% of the 
oil should distil above 340° C. and below 365° C.; Viscosity 
Redwood no. 1 at 70° F. approx. 75 sec. minimum (equiv. 
approx, to 60 sec. Say. at 100° F.) and 150 sec. maximum 
(approximates to 110-120 sec. Say. at 100° F. indicated by 
Americans); Unsulphonated residue < 90% (Americans 
indicate * 4 : 85%). 

Further characteristics have been suggested as being 
significant from time to time: (^?) volatility, (b) pour and 
cold tests, (c) base of oil, (d) colour, (e) solubility in di- 
methyl sulphate, (/) sludge test, (;?) sulphur content. Martin 
considers that on the available evidence those that are not 
covered by the specifications given are not proved im- 
portant. The iodine value (Hiible or Wijs) or the heat of 
bromination may be used instead of the unsulphonatable 
residue in the specification. 

The evidence on which these tentative specifications arc 
drawn up is set out by Marlin [37, 1935] and is derived 
from laboratory and field-spraying trials on insects and 
plants using oil emulsions. They arc based on the fact that 
these trials have shown that for insecticidal efficiency the 
oil must be above a certain minimum viscosity and un- 
sulphonatable residue; any oil conforming to these criteria 
can be used as a dormant spray on deciduous trees. For 
use on foliage the oil must have a much higher minimum 
unsulphonatable residue to prevent chemical damage to 
the plant and as low a viscosity as possible to prevent 
physical damage. 

Emulsions. 

Emulsions of oils for use as insecticides are prepared in 
four ways [38, 1936]: 

(a) Tank mixture methods where the oil is vigorously 
agitated in the spray tank with water and an emulsifier 
unaffected by hard water, e.g. blood albumen, triethano- 
lamine. 

(b) Two solution methods where a suitable liquid fatty 
acid, e.g. oleic acid, is dissolved in the oil and this solution 
is added to a dilute solution of alkali, thus producing an 
emulsion. 


(c) Stock emulsions: these are made by processing the 
oil-water-emulsifier mixture in an emulsifying mill. The 
emulsifiers used may be soaps or non-soaps, or finely 
divided materials. 

(d) Miscible oils are solutions of the emulsifier in the oil, 
complete solubility usually being obtained by the use of 
a mutual solvent such as cresylic acid or amyl alcohol. 

Stock emulsions may cream or break on exposure to 
frost; miscible oils are unsuitable for use with abnormally 
hard or saline water. Miscible oils have the advantages of 
stability during storage and on exposure to frost, ease of 
handling, and high oil content. Swingle and Snapp [64, 
1931] found the particle size of an emulsion from a miscible 
oil to be 1-2 p, from boiled soap stock — 3-5 fx, from cold 
soap stock 4-6 /x, and from non-soap 9-15 /x. 

Griffin, Richardson, and Burdette [26, 1927], using 
aphids, found that the toxicity of lubricating oil and kero- 
sine emulsions varied with droplet size, droplets of 8-1 2 /x 
being more effective than 2-3 p and less, and this low toxi- 
city persists regardless of oil base, viscosity, or other 
physical characteristics of the oil. With larger droplet size 
more oil is retained on the plant. English [19, 1928] con- 
firmed Griffin, Richardson, and Burdette’s results on drop- 
let size. The rate of breaking summer oil emulsions is 
important [35, 1933]. De Ong and colleagues showed 
that with a given oil content the toxicity of an emulsion 
increased as the emulsifier content was decreased. This 
relationship between concentrations of emulsifier and in- 
secticidal efficiency was confirmed by Smith [58, 1932] 
Ebeling [16, 1932], and Cressman and Dawsey [11, 1934]. 

When using winter washes against eggs the stability of 
the emulsion does not appear to affect markedly the ovi- 
cidal efficiency [I, 1933; 59, 1934; 62, 1932]. 

Use of Oils in Household Sprays. 

This is an important use of oils as insecticides; they arc 
not, however, the main toxic agent but are partly carriers 
and partly accessory toxic agents. Primary toxic agents 
used are pyrethrum, derris, and the thiocyanates. A com- 
plete account of household sprays containing pyrethrum is 
given by Gnadinger [23, 1936]. Atomized oil sprays are 
used in houses against adult flies and mosquitoes and 
against clothes moths; they may be used against bed bug. 
No generally accepted data is available as to the most toxic 
oil to flies. Richardson [53, 1932] found that within a 
boiling range of 150-270° maximum toxicity occurred in 
fractions 207-260°. Murphy and Peet [43, 1934], using the 
oils as carriers, found light volatile carriers the best. The 
type of oil has been largely regulated by the necessity in 
houses of having a volatile carrier which will evaporate 
completely, leaving no stain. The standard oil used in 
America as a carrier when testing fly sprays has the fol- 
lowing specification [4, 1935]: A.P.I. gravity 49-50; Flash- 
point, open cup, 120° F.; Initial boiling-point 350° F.; 
End-point 510° F.; Say bolt colour — 30+, odour slight; 
Iodine number Hanus < 1. 

The oil base for sprays against clothes moths are similar 
but somewhat more volatile; flash-point 115-125° F. open 
cup and distillation range over 325° F. initial to 450° F. 
end. These sprays may have up to 60% carbon tetra- 
chloride to prevent fire risk [5, 1936]. 

Use of Oils in Medical Entomology. 

Oils are used to destroy the larvae and pupae of mos- 
quitoes of various species, chiefly in the prevention of 
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disease transmission. Mosquito larvae and pupae are 
aquatic, and the oils are applied by distributing the oil on 
the surface of the water, Murray [42, 1936] has summarized 
the position and has thrown light on a number of problems. 
Oils penetrate the air tubes of the insects when they rise to 
the surface to breathe. Oils of boiling range 200-300° C. 
are the most effective; above this range the oils are too 
viscous to penetrate, below this range they are too volatile 
and the insect reacts to prevent penetration. 

According to Murray [42, 1936] the aromatic hydro- 
carbons and phenols when added are the actively toxic 
constituents of the petroleum oils, the paraffinic hydro- 
carbons having a physical action only; however, once 
penetration is effected the insect invariably dies, so that 
mode of toxic action is not an important factor. Old films 
of oil were found not to penetrate as well as fresh films. 
Gibson [25, 1935], under field conditions, found that the 
addition of derris powder to an emulsion of oil with soap 
increased its effectiveness against the larvae of AMes. 

Use of Oils in Warehouses. 

Oils are used against insects attacking stored foodstuffs. 
Flint and Mohr [20, 1930] prevented injury to stored maize 
by dipping in lubricating oil emulsions. Mackie [36, 1932] 
used dormant spray oils with success to destroy grain 
weevils, Calandra granaria, in empty warehouses. Potter 
[50, 1935], using a solution of pyrethrum in a highly refined 
white oil, obtained complete protection of stored goods 
from the Indian meal moth Flodia interpunctella Hb. and 
the cacao moth Ephestia elutella Hb. With Potter’s method 
the object of the process is to form a film over all exposed 
surfaces; this can be done by spraying the surfaces directly 
with the oil atomized by compressed air, or by putting up 
a mist in the warehouse by special atomizing apparatus; 
the settling of the mist forms a film. The film of pyrethrum 
in oil is lethal to the adults and larvae of the pests and 
prevents their reaching the stored food. This process has 
been used to a considerable extent in Britain. An oil for 
this purpose must be non-volatile so that there is no fire 
risk and it will form a permanent film, and it must be 
odourless and tasteless so that it does not taint. The fol- 


lowing are tests of an oil fulfilling these criteria: Sp. gr, 
0-862; Flash-point closed 320° F.; Flash-point open 335° F.; 
Viscosity Redwood no. 1 at 70° F. 118 sec.; Pour test 
30° F., and sufficiently refined to be odourless and tasteless. 

Use of Oils as Stock Sprays. 

Oils are used to prevent flies attacking dairy cattle. 
Attacks of stable fly Stomoxys calcitrans result in reduced 
milk production. Regan and Freeborn [52, 1936] sum- 
marize the effect of oils on the cow. Oil may result in 
reduction of yield of milk, the body temperature and 
respiration may be raised, and skin-burning results with 
oils of < 40 sec. viscosity irrespective of sulphonatable 
residues. Unsulphonatable residues below 90% are danger- 
ous in oils of viscosity > 65 sec. Oil impairs the ability of 
the skin to maintain the body temperature, affects water 
loss and lowers the pyrexial point. These authors consider 
that a water emulsion of pine oils, pyrethrum, and small 
amounts of petroleum oils is better than an undiluted oil 
spray. A spray for use on cattle should have no detrimental 
physiological effect; it should also have repellent as well 
as toxic properties to the flies. The following is a speci- 
fication for an oil recommended for use in stock sprays 
[6, 1936]: Viscosity Saybolt no. 1 at 100° F. 45-50 sec.; flat 
distillation curve, most of the oil distilling between 550° 
and 650° F. and with an end-point > 700° F. ; Sulphur 
content > 0-4%; Unsulphonatable residue < 70%. If the 
oil is too light it burns the cattle, due to solvent and pene- 
trating properties; if it is too heavy it interferes with the 
physiological processes. 

Use of Oils as Fungicides. 

Kerosine emulsions and the highly refined lubricating 
oils have been used as fungicides [38, 1936]. However, 
Martin and Salmon [39, 1931] showed that the vegetable 
oils were more fungicidal and less phytocidal than the 
petroleum oils. Petroleum oils are frequently used in com- 
bined washes of insecticide and fungicide, or are used in 
fungicidal sprays to increase penetration and retention of 
the spray materials. 
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SYNTHETIC RESINS FROM PETROLEUM HYDROCARBONS 
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With the advent of high-octane gasolines, produced by 
cracking operations under conditions more severe than had 
theretofore been used, it was observed that the resulting 
distillates deposited a greater amount of so-called gum 
than had former motor fuels. Apparently this gum started 
to form in storage and its formation was accelerated by 
the heat of the motor. In one method of largely over- 
coming this difficulty the gasoline is subjected to a mild 
acid treatment to remove the most drastic of the gum- 
forming constituents without removing excessive amounts 
of unsaturated compounds to which the fuel owes some 
of its high anti-knock character. In another method, anti- 
oxidants and antipolymerizing catalysts are added to retard 
the formation of this gum. 

Exactly contrary to this modem development, a study 
was undertaken shortly thereafter to produce a distillate 
with the maximum amount of gum-forming constituents 
and to determine the cracking conditions most favourable 
for their production. The goal of this research was to pro- 
duce plastic products of commercial value. The result has 
been the development of a new type of resin, quite different 
from the tacky gums of foul odour at that time known to 
the petroleum industry. This resin, known to the plastic 
industry as Santoresin is a hard, brittle, light-coloured, 
oil-soluble, odourless, fusible substance. 

Prior to the inception of this research, gummy masses 
had been produced by the action of oxidizing agents or 
adsorbent earths. The products varied from tacky oils to 
black asphaltic pitches and were used in road-binders and 
for other similar purposes in which a low-grade tar or 
binder could be utilized. 

It has been generally accepted that gums are largely a 
function of the diolefine content of the distillate. On the 
other hand, a highly cracked distillate contains gum- 
forming hydrocarbons other than diolefines. Examination 
of many types of distillates produced under various crack- 
ing conditions in this work revealed that high temperatures 
and low pressures were, in general, the best conditions for 
producing a resin-forming distillate. Such distillates con- 
tained straight-chain and cyclic olefines, straight-chain and 
cyclic diolefines, aromatic and substituted aromatic hydro- 
carbons with both saturated and unsaturated side chains, 
and some unchanged paraffin hydrocarbons. 

Many types of catalysts were investigated to learn their 
function in polymerization of the resin-forming hydro- 
carbons contained in such highly cracked mixtures. It was 
concluded that a metallic halide was the most advantageous 
since it promotes both condensation and polymerization 
reactions [6, 1932]. 

In the manufacture of resins from cracked petroleum 
distillates, rigid specifications are maintained upon the 
cracking operation and its products. Boiling ranges, speci- 
fic gravities, refractive indices, and average molecular 
weights are some of the determinations that are made on 
each sample of distillate obtained. The composition, that 
is, the content of aromatic, monolefine, and diolefine hydro- 
carbons, is determined by the usual methods. If a parti- 
cular distillate fails to meet the required specifications it 
can be blended with another distillate or its deficiencies can 


be corrected by the addition of various substances; for 
example, if the content of monolefines is low, a definite 
amount of amylene or other monolefine can be added [9, 
1934]. After meeting the specifications the distillate is 
immediately converted into resin, for it has been observed 
that there is a tendency for oxidation and polymerization 
to proceed if left in storage. 

In reacting such a distillate with aluminium chloride the 
following four main reactions arc believed to take place: 

(1) Polymerization of olefines to form high-boiling oils. 

(2) Combination of olefines with aromatics to form sub- 
stituted aromatics. 

(3) Polymerization and condensation of diolefines and 
olefines to resins. 

(4) Combination of diolefines with substituted aromatics 
and subsequent polymerization of these products to 
resins. 

In the following discussion of these reactions it should 
be pointed out that the rates of these reactions are at 
present unknown, but through a study of each individual 
reaction the course of the reactions that occur in a highly 
cracked distillate can be deduced. 

Reaction (1). The polymerization of olefines by a metallic 
halide has been well reviewed by Sullivan and his co- 
workers [1, 1931], Lubricating oils are prepared by this 
method which are claimed to have superior qualities. This 
reaction alone is detrimental in the formation of resins, as 
high-boiling oils reduce the melting-point of the resins and 
cause them to be tacky. It also retards the drying and 
adhesiveness of a varnish made from such a resin. How- 
ever, olefines must be present in the distillate to take part 
in reactions (2) and (3). 

Reaction (2). Olefines in the presence of aromatics when 
treated with aluminium chloride form substituted aroma- 
tics. For example, /7-amyl toluene is formed from amylene 
and toluene. A part of the olefines present in the distillate 
described react to form branched-chain aromatics [4, 1934]. 
The reaction docs not stop with the monosubstituted com- 
pound, but, if there is an excess of olefines present, di- and 
tri- substitutions may take place. Also, the amount of 
aluminium chloride is a factor in this reaction. 

Reaction (3). When a very pure diolefine, such as iso- 
prene, is treated with aluminium chloride, no violent reac- 
tion takes place, as was commonly supposed. However, if 
a small amount of olefine is present with the diolefine, reac- 
tion starts immediately and continues violently. If a pure 
diolefinc, such as isoprene, is in contact with aluminium 
chloride, no temperature-rise or other obvious chemical 
reaction is observed, even when a considerable portion of 
the anhydrous aluminium chloride has been added [8, 
1933]. After leaving pure isoprene in contact with an- 
hydrous aluminium chloride for several hours, small 
bubbles appear around the aluminium chloride particles. 
These bubbles are followed later by a spongy polymeric 
growth. In a few days masses of this light-yellow polymer, 
which is apparently insoluble in the remaining water-white 
isoprene, form. After weeks the greater proportion of the 
isoprene is slowly converted into this gelatinous polymer. 



SYNTHETIC RESINS FROM PETROLEUM HYDROCARBONS 2849 


which, when washed and purified, is found to have the 
formula (CgHg);^* This polymer is insoluble in practically 
all organic solvents. For this reason its molecular weight 
has not been determined. The polymer is slightly soluble 
in nitrobenzene and some of the higher amines. Strong 
acetates decompose the product and phenols react with it, 
giving a reddish coloration accompanied by some decom- 
position. By slowly heating the polymer it starts to de- 
polymerize around 116° C., undergoing some peculiar 
physical changes. First it contracts and becomes more 
spongy and rubbery, then upon continued heating to 
300° C. its colour changes to brown and the particles slowly 
fuse, with some foaming, to a transparent darker resin. 
This resin is soluble in most hydrocarbon and chlorinated 
hydrocarbon solvents. However, when an equimolecular 
mixture of isoprene and an olefine such as pcntene-2 or 
trimethyl ethylene is polymerized with aluminium chloride, 
a violent reaction takes place. This reaction can be con- 
trolled by adding the aluminium chloride in small portions 
with agitation and drastic cooling [6, 1932]. A point is 
soon reached after which further additions of aluminium 
chloride cause no additional evolution of heat. When the 
aluminium chloride complex is decomposed, for example, 
by the addition of ammonia, it is found that two polymers 
result, one soluble and the other insoluble in organic sol- 
vents. The insoluble polymer is precisely that previously 
described, whereas the soluble polymer may vary from a 
viscous oil to a hard resin, depending upon the proportion 
of olefines and diolefines employed and the subsequent 
treatment to which the product is subjected. If the oil is 
removed, there results a hard resin which ranges in colour 
from a light straw to a dark brown. This resin is soluble 
in most hydrocarbon solvents and drying oils such as lin- 
seed and china wood oil. It is virtually insoluble in methyl 
and ethyl alcohol, which precipitate it from solutions in 
hydrocarbons, but it is somewhat soluble in the higher 
alcohols and acetates. This soluble polymer behaves some- 
what like a drying oil when spread over a surface in a thin 
film. On standing in the air its iodine value gradually 
decreases and its acid value, which was formerly approxi- 
mately 0, slowly rises with the decrease in iodine number. 

By varying the proportion of olefine polymerized with 
the diolefine, various amounts of the two polymers can be 
obtained. This is shown in Fig. 1, in which pure pentene-2 
was polymerized with varying molecular proportions of 
isoprene, the hardness of the soluble polymer also being 
shown. The ordinates of this curve are reciprocals of the 
penetration value as measured by the A.S.T.M. penetration 
apparatus. It can be seen that the hardness of the polymer 
rapidly decreases with the amount of pentene-2 in the 
mixture. In a cracked distillate containing diolefines and 
olefines, this general type of reaction takes place. When an 
excess of olefines is present, the resulting resin is very soft, 
being sometimes only a semi- viscous oil. In this case 
practically no insoluble polymer is formed. The hardness 
of the resin, therefore, can be controlled by adding diolefines 
to such a mixture. If it is observed that a large amount of 
insoluble polymer is formed with a particular mixture, the 
yield of soluble polymers can be increased by the addition 
of olefines. 

Reaction (4). It has been found that diolefines react with 
substituted aromatic hydrocarbons, a reaction which is 
probably similar to that of the combination of olefines with 
aromatics. However, the intermediate products from the 
diolefines polymerize to resins in the presence of the alumi- 
nium chloride complex. Here again two polymers are 


formed — a soluble and an insoluble. When studying pure 
compounds in this type of reaction, it has been found that 
the more substituted the aromatic nucleus, the greater is 
the tendency for reaction to take place. In fact, no appre- 
ciable amount of resin is formed from a diolefine and pure 
benzene. Some general observations are of interest in the 
case of isoprene with various substituted aromatics. Xylene 
is the simplest di- substituted benzene containing two 



Fig. 1. Relationship of two polymers when pentcnc-2 is added to 
isoprene. 


methyl groups, and it has three isomers. When the three 
xylenes are respectively polymerized with a diolefine such 
as isoprene, the para-xylene yields the smallest proportion 
of resin. However, this resin has the highest melting-point 
and is lighter in colour than that obtained from either 
ortho- or meta-xylene, which produce higher yields of resin, 
but the resin has a slightly darker colour. When benzene 
is substituted with higher molecular weight alkyl groups, 
the yield of resin is greater and the colour is lighter. The 
more branched the chain in the alkyl substituent, the more 
noticeable is the above effect. 

It should also be pointed out in the discussion of the 
four general reactions that although straight-chain olefines 
and diolefines were taken as examples, it has been found 
that cyclic olefines and cyclic diolefines follow the same 
general reactions. However, with cyclic compounds the 
reaction is much more vigorous and the resulting resin is 
harder and of a better character [5, 1934]. 

Manufacture of Santoresin 

Fig. 2 is a flow sheet of the resin manufacturing pro- 
cess. A photograph of the apparatus in which these opera- 
tions are conducted is shown in Fig. 3. Polymerization 
is carried out in vessels equipped with adequate cooling 
means [10, 1931]. Since the reaction is highly exothermic, 
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the anhydrous aluminium chloride is added in a finely 
divided state in a small continuous controlled stream. The 
distillate darkens as polymerization continues and has a 
dark reddish-brown colour at the end of the reaction. The 



specific gravity of the distillate increases as polymerization 
continues. Thus, by determining the specific gravity as 
reaction progresses the degree of polymerization can be 
ascertained. When the reaction is completed no further 
rise in specific gravity occurs even upon further addition 
of catalyst. The reaction mixture is then treated with a 
suitable alkali to break down the aluminium chloride com- 
plex, while the hydrocarbon resin remains in solution. On 
the addition of alkali, aluminium hydroxide and alkali 
chloride are precipitated, together with a small amount of 


insoluble polymer. In the manufacture of soluble resin, 
however, the proportion of this polymer is reduced to a 
minimum by control of raw materials, according to the 
principles described before [9, 1934]. On the other hand, 
in the manufacture of insoluble polymer, the raw material 
is adjusted to the production of a large yield of insoluble 
and a small yield of soluble polymer. The inorganic 
material is separated from the resin in solution by filtration. 
By repeatedly treating the solid residue with dilute acid and 
subsequent washing, the inorganic salts are washed out, 
leaving the white granular insoluble polymer [9, 1934]. 

The soluble polymer left in the filtrate is recovered by 
removing the solvents by distillation at as low a tempera- 
ture as possible. Vacuum distillation is usually employed. 
The last traces of high-boiling oils are removed by passing 
superheated steam directly into the hot molten resin. Up 
to certain limits the hardness of the resin is controlled by 
means of this addition of superheated steam. The melting- 
points of varnish resins produced by this process can be 
varied, according to the use to which the product is to be 
subjected, from about 110 to 150° C. 

The characteristics of the hydrocarbon resins in varnishes 
are worthy of note. It has been found that the drying-rate 
of china wood oil varnishes is largely dependent upon the 
type of resin used in their preparation [11, 1932]. Oil 
varnishes made with neutral resins dry faster than those 
made from acid resins. Hydrocarbon resins in general are 
neutral and therefore give very fast-drying varnishes. Be- 
cause of their hydrocarbon nature, these resins are highly 
resistant to alkali, water, and acid. Most resin varnishes 
on exposure darken by actinic rays. However, varnishes 
made with Santoresin exhibit a tendency to bleach on ex- 
posure to light. 

These resins also find application in moulded products. 
For this purpose they are milled with an inert ^er such 
as wood flour, cotton 1 inters, or the like. The moulding 
mixture thus prepared is then moulded under heat and 
pressure. Articles moulded from these resins are thermo- 
plastic, that is, they can be reshaped by reheating and 
pressing. However, when sulphur is added to the moulding 
mixture a true thermo-setting compound results, which is 
completely hardened by moulding under heat and pressure. 

In this brief account the possibilities of petroleum as a 
starting-point for organic syntheses has been indicated. 
Rapid advances are being made in this new industry created 
by the discovery of these methods of preparing resins from 
a raw material as abundant as petroleum. 
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Classification 

The classification of blacks, which consist of substantially 
pure carbon, into two main divisions, carbon black and 
lampblack, is dependent upon the method of deposition. 
Carbon black (also called natural-gas black, gas black, 
hydrocarbon black, ebony black, Paris black, and channel 
black) is thus regarded as the product resulting from the 
impingement of a flame of natural or other hydrocarbon 
gas on a surface (generally metallic) and lampblack, that 
deposited as a soot in the incomplete combustion of a solid 
or liquid organic substance in free space (i.c. without im- 
pingement). Such a classification is neither complete nor 
satisfactory [8, 1912; 29, 1922; 37, 1931]. 

The division of blacks on the basis of their method of 
manufacture, as proposed by D. S. Chamberlin and A. 
Rose [10, 1929], is somewhat more explicit. These methods 
are as follows : 

1. Incomplete Combustion with Impingement. A hydro- 
carbon gas, burning in a limited supply of air, is allowed 
to impinge on a hot depositing surface which is at a tem- 
perature much lower than that of the impinging flame and 
which may be termed ‘cool’. The earliest methods for the 
manufacture of carbon black from natural gas, such as 
the channel and roller processes, which are described later, 
were of this type. In point of production these are still the 
most important. 

2. Thermal Decomposition. A hydrocarbon gas or atom- 
ized oil is subjected to thermal decomposition in the 
absence of air. This class is at present the second largest 
source of carbon black, and the ‘Thcrmatomic’ process, 
which is subsequently described, is typical. In this process, 
however, only hydrocarbon gases arc employed. 

3. Explosion. A hydrocarbon gas, such as acetylene, is 
exploded in a limited supply of air. Acetylene black is 
made by this method. This type of operation has not 
attained any great importance in the United States, al- 
though in Europe some acetylene black is manufactured 
from the carbide scrap. 

4. Incomplete Combustion without Impingement. A liquid 
or solid hydrocarbon is burned in a limited supply of air 
to produce soot, which is collected. Lampblack is manu- 
factured in this way. Under this heading is also included 
the Lewis process, described later, in which the fumes 
resulting from incomplete combustion of natural gas are 
sprayed with water and, from the slurry thus formed, the 
carbon is separated. 

5. Destructive DistUlation. Organic materials are dis- 
tilled, leaving residues of charcoals or cokes which are 
subsequently pulverized for use. Petroleum coke, which is 
discussed in another section of this book, results from such 
treatment. These substances, however, should not be con- 
fused with carbon blacks. 

Mechanism of Carbon-black Formation 

The production of carbon black by incomplete com- 
bustion of gases containing hydrocarbons is not the result 
of preferential oxidation of the hydrogen of the hydro- 
carbon, but is a direct thermal decomposition [29, 1922]. 

IV 


Part of the gas burns, producing oxides of carbon, and the 
heat liberated is sufficient to cause the decomposition of 
another part of the hydrocarbon gas into carbon and 
hydrogen. Essentially, therefore, the method is similar to 
that of thermal decomposition (method 2), except that in 
the latter the heat is furnished by an external source. 

W. A. Bone and his collaborators [3, 1915; 4, 1927] 
pointed out that the thermal decomposition of methane is 
a purely surface effect, giving rise to a hard graphitic car- 
bon, but the decomposition of ethane, ethylene, and higher 
hydrocarbons takes place throughout the entire mass of 
the gas, leading to a soft form of carbon. It is well known 
that unsaturated hydrocarbons, such as ethylene and acety- 
lene, can be formed by incomplete combustion of methane 
or its homologues, and consequently there is a possibility 
that these unsaturated hydrocarbons, and not methane 
itself, are the generators of the finely divided carbon black. 

The thermal decomposition of methane furnishes carbon 
and hydrogen, according to the reaction : 

CH4 ->C+2H2. 

The carbon produced in this way, however, was heretofore 
of a low grade [29, 1922], hence such reactions were prin- 
cipally used as sources of hydrogen. But, for hydrogen 
production, they are inferior to decomposition with steam 
[11, 1934], which reactions may be represented with me- 
thane as follows : 

CH4+H20->C0+3H2 

CH4+2H20~>C0a4-4H2. 

From I volume of methane, therefore, only 2 volumes 
of hydrogen can result by simple thermal decomposition, 
whereas 3 or 4 are possible by reaction with steam. 

Most hydrocarbons require a high temperature for de- 
composition into carbon and hydrogen. Acetylene, how- 
ever, is an exception, its dissociation being exothermic and 
explosive. Explosion processes (method 3 above), there- 
fore, appear to be simple thermal decompositions, a small 
quantity of energy initiating the decomposition, which 
subsequently proceeds under its own evolution of heat. 
Obviously, explosion methods can only be used with acety- 
lene or gases of a similar exceptional exothermic nature. 

Incomplete Combustion with Impingement 

The processes for the manufacture of carbon black by 
incomplete combustion with impingement, or, as it can 
also be considered, deposition from flames, differ prin- 
cipally in the shape of depositing surface. Natural gas is 
the hydrocarbon mixture generally used, and flat flames are 
best. The relative proportions of gaseous paraffin hydro- 
carbons present in natural gases are of special importance 
in black manufacture. In general, a gas containing a 
moderate proportion of ethane is better than one which is 
entirely methane [29, 1922]. 

The yield depends upon the process used and the type 
of product desired, and is only slightly affected by the com- 
position of the gas. It generally varies from i to about 
2 lb. of black per 1,0(X) cu. ft. of natural gas, although 
31*82 lb. of carbon are theoretically obtainable from 1,000 
cu. ft. of methane [28, 1932]. 



2852 


PRODUCTS OF PETROLEUM 


G. C. Lewis [27, 1928] has shown from pyromctric 
measurements that the natural gas flame temperature varies 
from 1,000 to 1,200° C. Temperatures of hydrocarbon gas 
flames have also been determined by a number of other 
workers [19, 1931; 20, 1931; 24, 1928]. W. B. Wiegand 
[37, 1931] studied the characteristics of a round and a flat 
or ‘bat-wing' type of flame and the factors which influence 
quality and yields. The carbon black obtained from round 
flames was characterized by a greyer colour, lower oil 
absorption, increased flow characteristics, greater misci- 
bility in rubber, but diminished reinforcing effects (tensile 
strength and elongation) in rubber compositions. A flat 
flame is essential, and for that purpose bat-wing burners, 
which are slotted, or fish-tail burners, with two opposing 
jets, are used. 

The depositing surface serves two purposes [29, 1922]. 
In the first place, the liberated carbon is cooled some- 
what so that no oxidation changes, or agglomeration of 
particles, from prolonged heating can take place. Secondly, 
the carbon is maintained at high enough temperature for 
sufficient time to calcine it or free it from occluded matter. 
Thus, deposited carbon can also be regarded as being 
baked, and impingement processes, therefore, as baking 
processes. The temperature of the depositing surface 
should normally not exceed 500° C. (W. B. Plummer and 
T, P. Keller [31, 1930] give 516° C. as the optimum tem- 
perature for the production of black from propane.) Too 
cool a surface prevents the maximum separation of carbon. 

In the so-called channel process, first used by L. J. 
McNutt [26] in 1892, a system of iron channel beams is 
used as the depositing surface. These channel beams are 
turned with the flat side downwards over a horizontal row 
of stationary burners and are given a slow reciprocating 
motion. From these beams the black is scraped off and 
removed by spiral conveyers. 

In the roller process, which is still used to make small 
quantities of blacks for lithographic and embossing inks, 
printing inks for half-tone engravings, and other special 
purposes, a burner giving a rounded flame is so placed that 
its flame impinges on a cast-iron cylindrical roller rotating 
at a slow speed. This is known also as the ‘Peerless’ 
process. 

The rotaling-disk process, in which the depositing surface 
is a cast-iron disk of about 3 ft. diameter supported on 
a central mast rotating with it, has been superseded to a 
great extent by the channel process. 

A report of yields, compiled in 1922 by R. O. Neal [29, 
1922], though these have been increased in most plants 
since that time and vary with the field, may serve as a basis 
of comparison of these impingement processes (Table I). 

Table I 

Yields of Carbon Black by Various Processes 

Carbon blacks 

Process lb. per 1 ,000 cu. ft. of gas 

Channel 0-78 to 1 -40 

Roller 0-80 

Rotating disk 0*95 to 1 *40 

The average yield by the channel process since 1922 in the 
United States has been increasing steadily, from 1-40 lb. 
per 1,000 cu. ft. in 1929 to 1 '44 in 1931 [15]. In comparison 
it is to be noted that the Thermatomic process, which is 
described next, is capable of giving consistent yields of 9 lb. 
of a form of soft carbon by the thermal decomposition of 
LOOO ft. of natural gas [2]. This material differs in physical 


properties from channel black and should not be substituted 
for it. 

According to D. S. Chamberlin and A. Rose [10, 1929], 
the principal factors affecting the yield and quantity of the 
carbon black produced by incomplete combustion of 
natural gas are (1) composition of gas, (2) rate of burning, 
(3) nature of burner tips, (4) pressure of gas, (5) position of 
plate in flame, (6) draught conditions, (7) material of plate, 
(8) motion of plate, (9) shape of plate, (10) humidity of 
atmosphere, (11) barometric pressure, (12) temperature 
of gas, (13) temperature of plate, and (14) uniformity of 
operating conditions. Dependent upon some or all of these 
factors are (^/) the height of the flame, and (Z>) the com- 
position and (c) temperature of the atmosphere in which 
the flame burns. Burner tips made of lava, a selected 
steatite, arc generally favoured [29, 1922]. 

Regulation of the air supply is controlled empirically by 
the ‘smoke blanket', the blackish haze that should appear 
approximately on the level of the channel irons, and by the 
colour of the smoke issuing from the buildings. If the 
smoke blanket rises or falls, draughts are adjusted to bring 
it back to its normal position. Admission of too much air 
will result in too hot a flame, which, as has been mentioned 
previously, will cause a larger proportion of the carbon to 
be burned, whereas too cool a flame will not give sufficient 
decomposition and deposition. With too cool a flame, 
moreover, the deposited carbon is likely to be contaminated 
with intermediate combustion products. 

Although the industry is almost entirely confined to 
burning of natural gas, because of the cheapness of this 
gas, consideration has been given to other materials as well. 
For example, studies have been made on the products 
resulting from the burning of acetylene [1, 1897], propane 
[31, 1930], diacetylenc [16, 1930], and other hydrocarbon 
mixtures [11, 1934]. 

Thermal Decomposition 

From about 1912 attempts have been made to produce 
carbon black by the thermal decomposition of hydro- 
carbons. These numerous proposals have been described 
elsewhere [11, 1934]. As mentioned previously, the carbon 
black resulting from such processes has been of an inferior 
quality, but with the development of the processes of R. H. 
Brownlee and R. H. Uhlinger [5, 1916], which are the basis 
of the Thermatomic process, carbon blacks made by this 
method have won a position of increasing importance in 
the market. 

The Thermatomic process consists in heating to incan- 
descence a furnace (lined with refractory brick and filled 
with checkerbrick) by an upward blast of natural gas and 
air, shutting off the air, and allowing the natural gas 
(admitted from the top at this stage) to decompose. The 
intermittent heating and cracking operations (the latter 
being endothermic) are carried out alternately, each charge 
lasting about 5 minutes [28, 1932]. Fig. 1 is a diagram of 
the plant which has been developed, consisting essentially 
of two cracking furnaces, two coolers, and one collector. 

Approximately two-thirds of the total carbon black pro- 
duced is deposited on the refractory material. Such carbon 
is valueless and is left in the furnace to be consumed in 
the next air blow. It is stated [6, 1923] that the best 
operating temperature for the cracking process is 1,200 to 
1,400° C., and the gas mixture is subjected to these tem- 
peratures for a period of 3 to 4 seconds only. 

On issuing rapidly from the furnace, the mixture of gases 
and carbon is passed through a cooling chamber where just 
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enough water is sprayed countercurrent to the gas stream 
[7, 1924] to cool the smoke to a safe temperature for 
filtering through cloth bags without leaving an excess to 
wet either the bags or the carbon. 

This process has been producing the carbon called 
Thermatomic or Thermax since 1922. Later, another type, 
‘P-33’, which is blacker and finer, was put on the market. 
P-33 is made in the same way as Thermatomic or Thermax, 
except that a portion of the resulting gas containing 80% 
hydrogen is recirculated and acts as a diluent for the de- 
composing natural gas. This dilution is so effective, accord- 
ing to R. E. Moore, that it reduces the average particle 
size to about one-fifth that of Thermax [28, 1932; 34, 1931]. 

Explosion 

Although carbon blacks can be made from acetylene by 
the same methods that are used for their manufacture from 
natural gas, acetylene is exceptional, as heretofore men- 
tioned, in that it decomposes explosively into carbon and 
hydrogen. This explosion can be brought about by heating 
with or without air, usually under pressure, or by an 
electric spark. Acetylene black, as the carbon made from 
acetylene is designated, is produced in Germany, France, 
and Canada [21, 1933], the source of the acetylene being 
refuse calcium carbide. Like carbon blacks made from 
natural gas, the properties vary, depending upon the 
method of manufacture, i.e. whether the acetylene is burned 
as in the channel process (disintegrated by heat) or decom- 
posed by explosion. 

Incomplete Combustion without Impingement 

Lampblacks continue on the market, but such products 
arc generally made from coal-tar oils, such as creosote dead 
oil, and hence arc not of concern to the petroleum chemist. 
One plant, however, in which natural gas is burned and 
the black is not deposited by impingement is in operation. 
This plant uses the G. C. Lewis [22; 23, 1931] process, in 
which the gas, under regulated conditions, is led into a 
number of burners in a furnace lined with fire-brick. The 
height of flame is adjusted to the grade of black required. 
The fumes, which consist of carbon, complex hydro- 
carbons, and an appreciable percentage of steam, leave the 
top of the furnace and pass to collectors, where they are 
sprayed with water. The slurry resulting from the washing 
is pumped to large settling tanks with conical bottoms in 
which the carbon settles and is drawn off and separated 
in filter-presses. The filter-cake is then dried and pul- 
verized. The combustion chamber and spray tanks used 
in this process arc shown in Fig. 2. 

This wet method is said to remove occluded matter from 
the black and reduce its bulk to a minimum. Furthermore, 
as the tanks accumulate the products of several days’ opera- 
tion, the black is extremely uniform. The oil which floats 
on the surface of the water in the settling tanks contains 
varying amounts of naphthenes, nitrobenzene, and cyano- 
gen compounds. 

Properties of Carbon Black 

Carbon black is a black velvety powder with an extremely 
low apparent specific gravity. The particles of which this 
powder is composed are below the resolving power of the 
microscope in size, the indications being that they do not 
exceed 0*1 to 0-2 micron (OOflOl to 00002 mm.) on the 
average [12^7, 1932], but because of their tendency to ag- 
glomerate this figure may be low [13, 1928]. In Fig. 3 are 
reproduced photomicrographs of several carbon blacks. 
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To this extremely fine state of subdivision are to be 
attributed its remarkable properties. 

Because of their fineness, carbon blacks always occlude 
gases, particularly oxygen, nitrogen, and oxides of carbon. 
This occlusion has been studied by G. A. Hulctt and H. E. 
Cude [29, 1922] and by C. R. Johnson [17, 1928]. 

The crystalline structure has been examined by a number 
of investigators [11, 1934]. Although (he consensus of 
opinion is that both carbon black and charcoal are essen- 
tially graphitic in nature, the evidence is not altogether 
convincing and authorities are not in complete agreement. 
However, W. B. Plummer [30, 1930] and H. H. Lowry 
[25, 1924] support the view that the so-called amorphous 
carbons consist of unsaturated hydrocarbons of very high 
molecular weight and highly deficient in hydrogen, i.e. 
carbon complexes in which the fields of force between the 
carbon atoms are unbalanced by an occasional stray hydro- 
gen atom, thus preventing crystallization (graphitization) 
and producing a general state of unsaturation and, hence, 
high surface activity. 

The heats of combustion of carbon blacks and various 
other forms of elemental carbon have been determined by 
W. A. Roth and O. Doepke [32, 1927] and W. B. Plummer 
[30, 1930]. The latter investigator observed that the heat 
of combustion of carbon black (8,272 cal. per g.) which 
has been degassed at 1 ,000' C. is higher than that of graphite 
(7,932 cal. per g.) or any other form of elemental carbon. 
Prolonged heating at 1 ,000' C. or higher results in a gradual 
lowering of the heat of combustion, which is ascribed to 
slow crystallization (graphitization). 

Ultimate analyses show that carbon blacks contain sub- 
stances other than carbon. Appreciable proportions of 
volatile and small proportions of mineral matter arc usually 
present. In good-grade blacks, however, the mineral (ash) 
content is extremely low. In Tables 11 and 111 arc given 
the compositions of various carbon blacks, lampblacks, 
and other carbons. Although there is a possibility that the 
values given in Table 111 arc not entirely representative, 
they indicate the general trend of the diftcrcnccs between 
the compositions of carbon blacks made by various pro- 
cesses. 

Uses of Carbon Black 

For centuries lampblack has been produced in China, 
Egypt, and elsewhere [27, 1928; 35, 1926]. Since 1864, 
when carbon black made its appearance, lampblack has 
been replaced to a very great extent by carbon black. The 
latter is now indispensable in the manufacture of inks. 
Certain blacks produce the so-called short inks (i.e. inks 
of buttery consistency which do not flow rapidly) used in 
lithographic and offset work, in slow-speed presses, and for 
most half-tones. Other blacks can be used in so-called long 
inks (i.e. inks which do not string when drawn between the 
fingers), which, because of their more rapid flow and 
opacity, are employed in fast-running presses. However, 
it should be noted that in the largest application of carbon 
blacks in ink, i.e. in news ink for high-speed presses, short 
channel blacks are used, since news inks are not made with 
a varnish base as are book inks, but with rapid-drying, 
free-flowing petroleum oils. 

The next great application of carbon black began about 
1915 when it was first added to rubber. Because of its 
unique reinforcing proF>erties in rubber compositions, it 
has almost completely displaced zinc oxide as a filler in the 
rubber industry. In tire treads, proportions up to 45% of 
the rubber or 27 to 28% of the final composition are added. 
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PRODUCTS OF PETROLEUM 
Table II 

Analyses of Various Carbon Blacks^ Lampblack, and other Blacks [29, 1922] 


Carbon 

Method of manufacture 

Proximate analysis 


Ultimate analysis 


Real specific 
gravity {dry 
basis') 

Water 

% 

Volatile 

matter 

o/ 

/o 

Ash 

% 

Fixed 

carbon 

O/ 

/o 


H 

O/ 

/O 

C 

o/ 

/o 

N 

r. 

o 

% 

S 

% 

Auk carbon black 

Channel 

2-64 

706 

0-00 

90-30 

0-59 

95-04 

006 

4-31 

0-00 

1-85 

Kalista carbon black (long 

Roller 

5*30 

10-40 

0-14 

84-16 

0-55 

92-91 

0-08 

6-30 

0-01 

1-88 

black) 












New Vulcan carbon black 

Rotating disk 

312 

5-58 

0-08 

91-22 

0-72 

96-64 

0-05 

2-51 

0-00 

1-78 

(short black) 












Carbon from thermal de- 

High temperature de- 

002 

0-78 

0-84 

98-36 

0-45 

98-72 

001 


0-05 


composition of methane 

composition 












Lower temperature de- 

1-25 

6-40 

1 0-24 

92-11 

1-13 

97-99 

0-01 

0-51 

0-12 



composition 



1 








American lampblack 

Incomplete combustion of 

312 

17-38 

1 0-06 

79-44 

1-20 

90-67 

0-00 

7-41 

0-66 



oil 











Cracked natural gas black 

Heated retort 

002 

0-78 

0-84 

98-36 

0-45 

98-72 

0-01 


0-05 

1-72 

Willow charcoal 


3-24 

14-66 

1-87 

80-23 

2-46 

87-89 

0-17 

7-47 

0-08 


Bone black 


3-88 

10-92 

82-52 

2-68 

0-47 

8-99 

I-IO 

3-53 

0-06 



Table III 

Proximate Analyses of Carbon Blacks 


Carbon black 

Method of 
manufacture 

Specific 

gravity 

Moisture 

% 

Volatile 

matter 

7o 

Ash 

% 

Rtf. 

\No. 

Auk 

Channel 

1-85 

2-64 

7-06 

0-00 

129] 

Micronex 

Channel (for 
rubber) 

1-79 

2-80 


0-01 

1131 

Super Spectra 

Channel (for 
varnishes) 

1-89 

5-70 


0-08 

[13] 

Kalista Gong 

Roller 

1-88 

5*30 

10-40 

0-14 

[291 

black) 






New Vulcan 

Rotating disk 

1-78 

3-12 

5-58 

0-08 

129] 

(short black) 







Thermax 

Thermatomic 

1*80 

0-25 


0-05 

128] 

P-33 

Thermatomic 
(gas recycle) 

1-80 

0-25 


0-15 

128] 

Acetylene 

Explosion 

1-89 

0-06 

1-0 

0-03 

[21] 

black 







Fumarex 

Lewis process 

1-8 + 

<1-0 

1-0 

<0-1 

122] 

Charlton 

OU black 

1-66 

2-90 


0-08 

113] 

Goodwin 

Incomplete 
combustion 
at high 
temfwrature 

1*82 

0-08 


0-04 

113] 


Some realization of its importance in such uses may be 
gained from the statement that the incorporation of black 
increased the life of a tire from 5,000 miles to about 20,000 
miles. Besides its toughening characteristics, it appears to 
protect the rubber substance from the effects of light and 
may retard oxidation [29, 1922]. 

Carbon black is finding increasing application as a pig- 
ment in various paints and enamels. It has a higher tinting 
strength than any other black, but lacks the clear bluish 
tone of lampblack, and is generally acknowledged to be 
superior for varnishes and enamels. Both long and short 
carbon blacks ordinarily possess a reddish-brown under- 
tone which can be partially corrected by the use of blue 
dyes (‘toners’), but which renders these blacks unsatis- 
factory for certain inks. Acetylene black and lampblacks, 
on the other hand, have a blue undertone [20, 1931]. 

Carbon black also is employed because of its intense 
blackness and high colouring power, fine state of division, 
and low cost, for example, in stove and shoe polishes, car- 
bon paper, phonograph records, and medical hard rubber. 
However, the question of economics plays some part in 
deciding between the use of lampblack and carbon black. 
The relative development of the natural-gas industry in the 
United States and of the coal-tar industry in Europe creates 
an economic urge towards the use of carbon black in the 


United States and lampblack in Europe, whenever possible. 

The production and utilization of carbon black in the 
United States is best summarized in the Government 
statistics [15] given in Table IV. 


Table IV 

Production of Carbon Black in the United States 


Year 

1930 

1931 

1932 

1933 

1934 

1935 

Number of pro- 
ducers reported . 

33 

26 

24 

25 

25 

21 

Number of plants 

69 

58 

50 

51 

50 

54 

Production (thousands of pounds): 





By channel pro- 







cess 

350,254 

255,322 

224,536 

238,026 

293,546 

316,284 

By other pro- 







cesses 

29,688 

25,585 

18,164 

35,099 

35,282 

36,465 

Total 

379,942 

280,907 

242,700 

273,125 

328,828 

352,749 

Quantity sold (thousands of pounds) : 





Domestic 



1 




To rubber com- 



! 




panics 

128,572 

134,315 

130,380 

191,358 

165,446 

213,708 

To ink companies 
To paint com- 

19,220 

15,184 

18,341 

18,539 

16,146 

15,177 

panics 

For miscellaneous 

1 1,922 

6,760 

7,636 

6,260 

5,365 

6,550 

purposes 

7,565 

5,453 

5,126 

6,025 

5,035 

9,916 

Exported 

84,260 

96,714 

100,072 

152,286 

120,620 

142,185 

Total . 

251,539 

258,426 

261,555 

374,468 

312,612 

387,536 


It was mentioned that the first great application of car- 
bon black, in printing ink, was a result of its pigmenting 
characteristics. Its second application, in rubber, which 
accounted for 80% of the American sales in 1932, was 
attributed to its reinforcing properties. Though this second 
outlet occurred literally in spite of its colour, W. B. Wie- 
gand and J. W. Snyder [38, 1934] believe that its third 
great utilization will be in the newer black lacquers, again 
dependent upon its pigmenting characteristics. 

Testing of Carbon Black 

G. St. J. Perrott [29, 1922] described a number of physi- 
cal and chemical tests which may be used for determining 
the characteristics of a sample of carbon black and its 
probable value for various purposes. Other methods have 
been outlined by N. Goodwin and C. R. Park [13, 1928], 
Some of these tests are briefly outlined below. 

Moisture. The moisture content is determined by heating 
a sample of the black for 1 hour at 105° C. in a constant- 
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temperature oven in circulating dry air. It should not 
exceed 4 or 5%. 

Ash. The ash content is determined by ignition of a 
sample to cherry-red heat (about 750° C.). The maximum 
for most purposes should be about 0*2%. 

Solvent Extract. Extraction can be made with acetone 
[13, 1928] or, as preferred by some, with benzene [2]. 
N. Goodwin and C. R. Park [13, 1928] attach little im- 
portance to this test, since the extractable matter appears 
to bear no direct relation to the quality and because of the 
impossibility of accurately determining the total extractable 
matter. 

Results of some of these tests on various carbon blacks 
have already been given in Table 111. 

The adsorptive capacity of carbon blacks can be 
measured by using solutions of benzoic acid [9, 1929], 
iodine [13, 1928], dyes [33, 1926] (e.g. methylene blue), oils 
[13, 1928], hexamethylenetetramine [33, 1926], alkalis [36, 

1929] , diphenylguanidine [36, 1929], and acetic acid [12, 

1930] . The correlation of such data with the action of 
carbon blacks in rubber mixes, for example, has led to 
some confusion, many workers maintaining that no general 
relationships exist. 

Other tests, such as the estimation of tinting power, 
colour, grit, and hiding power or spreading rate, are em- 
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pirical, but arc valuable in deciding the possible application 
of the black. The colour and tinting power of carbon 
blacks have been correlated with other physical properties 
by G. St. J. Perrott [29, 1922], C. R. Johnson [18, 1927], 
L. Hock [14, 1928], N. Goodwin and C. R. Park [13, 1928], 
and W. B. Wiegand and J. W. Snyder [38, 1934]. 

Extent of the Industry 

The extent of the carbon-black industry can be judged 
both from the production figures given in Table IV and 
from the fact that it consumed 14% of the total natural 
gas used in 1929. About 87% of the gas which was burned 
for carbon black that year was stripped for gasoline. The 
natural-gas gasoline and carbon-black industries are com- 
plementary. The carbon-black industry is dependent upon 
the availability of large supplies of cheap natural gas. 
Where higher-priced uses are found for the gas, the in- 
dustry has had to move. Thus, about 1920, it migrated 
from West Virginia into Louisiana and, about 1928, into 
its present location in the Panhandle (Texas) district. In 
1929 the industry was located largely in Texas and Louisi- 
ana, less than 3% of the total output representing the 
combined production of West Virginia, Wyoming, Okla- 
homa, Montana, and Kentucky [15]. 


REFERENCES 


1. Berger and Wirtii. G.P. 92,801 (1896); Chem. ZetUr. 1897 (2), 
688 . 

2. Boardman, C. C. Private communication. 

3. Bone, W, A., Davies, H., Gray, H. H., Henstock, H. H., and 
Dawson. J. B. Phil. Trans. Roy., A, 215, 275-318 (1915). 

4. Bone, W. A., and Townend, D. T. A. Flame and Combustion in 
Gases (Longmans, Green & Co., New York, 1927). 

5. Brownlee, R. H., and Uhlinger, R. H. U.S.P. 1,168,931 
(1916). See Hllis for further bibliography. 

6. U.S.P. 1,478,730 (1923). 

7. jj S.P. 1,520,115 (1924). 

8. Cabot, G. L. Reports Eighth Inter nat. Congress Applied Chem. 
12, 13-31 (1912). 

9. Carson, C. M., and Sebrell, L. B. Ind. Eng. Chem. 21, 911-14 
(1929). 

10. Chamberlin, D. S., and Rose, A. Trans. Amer. Inst. Chem. 
Eng. 22, 155-64 (1929). 

11. Ellis, C. The Chemistry of Petroleum Derivatives (Chemical 
Catalog Co., Inc., New York, 1934), 1285 pp. 

12. Fromandi, G. Kautschuk, 6, 27-30 (1930). 

12^7. Gehman, S. D., and Morris, T. C. Ind. Eng. Chem., Anal. 
Ed., 4, 157-62 (1932). 

13. Goodwin, N., and Park, C. R. Ind. Eng. Chem. 20, 621-7 
(1928). 

14. Hock, L. Kautschuk, 4, 266-8 (1928). 

15. Hopkins, G. R., and Backus, H. Minerals Yearbook (various 
years), U.S. Government Printing Office. 

16. I. G. Farbenindustrie A.-G. B.P. 357,749 (1930). 

17. Johnson, C. R. Ind. Eng. Chem. 20, 904-8 (1928). 


18. Johnson, C. R. India Rubber World, 11 (5), 65-6 (1927). 

19. JONE.S, G. W., Lewis, B., Friauf, J. B., and Perrotf, G. St. J. 
J.A.C.S. 53, 869-83 (1931). 

20. Jones, G. W., Lewis, B., and Seaman, H. J.A.C.S. 53, 3992-4001 
(1931). 

21. Kaufmann, C. Chem. Markets, 33 (3), 217-20 (1933). 

22. Lewis, G. C. Private communication. 

23. U.S.P. 1,801,436 (1931). 

24. Loomis, A. G., and Perrott, G. St. J. Ind. Eng. Chem. 20, 1004-8 
(1928). 

25. Lowry, H. H. J.A.C.S. 46, 824^6 (1924). 

26. McNutt, L. J. U.S.P. 481,240 (1892). 

27. Mantell, C. E. Industrial Carbon (D. Van Nostrand Co., Inc., 
New York, 1928), 410 pp. 

28. Moore, R. L. Ind. Eng. Chem. 24, 21-3 (1932). 

29. Neal, R. O., and Perrott, G. St. J. U.S. Bureau Mines Bulletin, 
192, 1-95 (1922). 

30. Plummer, W. B. Ind. Eng. Chem. 22, 630-2 (1930). 

31. Plummer, W. B., and Keller, T. P. Ind. Eng. Chem. 22, 1209- 
11 (1930). 

32. Roth, W. A., and Dofpke, O. Ber. 60, 530-6 (1927). 

33. Spear, E. B., and Moore, R. L. Ind. Eng. Chem. 18, 418-20 
(1926). 

34. U.S.P. 1,794,558 (1931). 

35. Wiborg, F. B. Printing Ink (Harper, New York, 1926), 299 pp. 

36. Wiegand, W. B. Canad. Chem. Met. 13, 269-70 (1929). 

37. Ind. Eng. Chem. 23, 178-81 (1931). 

38. Wiegand, W. B., and Snyder, J. W. Ind. Eng. Chem. 26, 413- 
19 (1934). 




PART IV 

DETONATION AND COMBUSTION 

SECTIONS 41 and 42 




SECTION 41 


COMBUSTION 


Combustion Phenomena of Hydro- 
carbons . . . . . D. M. NEWITT and D. T. A. TOWNEND 

Combustion Phenomena at High Pres- 
sures . . . . . D. M. NEWITT and D. T. A. TOWNEND 

Combustion Research in Compression- 
ignition Engines . . . G. D. boerlage and J. J. broeze 



COMBUSTION PHENOMENA OF HYDROCARBONS 

By D. M. NEWITT, D.Sc., and D. T. A. TOWNEND, D.Sc. 
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A. SLOW COMBUSTION 

Introduction. 

During the greater part of last century the study of hydro- 
carbon combustion was concerned principally with efforts 
to ascertain whether one or other of the elements con- 
stituting the hydrocarbon molecule burned preferentially; 
and it was not until W. A. Bone and his collaborators 
(1898-1905) had shown that a whole series of intermediate 
compounds were formed which subsequently gave rise to 
the end products — oxides of carbon and steam — that the 
complexity of the oxidation was recognized and the first 
comprehensive theory of hydrocarbon combustion was 
formulated [11, 1927]. The contemporaneous development 
of the internal-combustion engine and the subsequent 
growth of the oil industry have stimulated interest in the 
subject and have led during the past 30 years to numerous 
investigations covering nearly every phase of hydrocarbon 
chemistry. 

In spite of the mass of experimental data that has accu- 
mulated, however, there is still some difference of opinion 
as to its interpretation, and there remain gaps in our know- 
ledge which make it difficult to write a connected story 
embodying all the known facts. In reviewing the evidence 
as a whole, data have to be co-ordinated relating to sub- 
stances belonging in some cases to the same homologous 
chemical series but differing widely in physical properties, 
thermal stability, and resistance to oxidation; and it has to 
be borne in mind that certain phenomena which are pro- 
nounced features of the combustion of members in one 
part of a series may be imperceptible or indeed absent in 
another part of the same series. Moreover, it is now known 
that comparatively small variations in reaction temperature 
and/or pressure may influence profoundly the course of 
combustion. Failure to give due weight to these considera- 
tions is responsible for many of the apparently contra- 
dictory statements found in the literature. 

All hydrocarbons will, under suitable conditions of tem- 
perature and pressure, unite slowly with oxygen without 
formation of flame and with no appreciable rise of tem- 
perature. The products consist mainly of the two oxides 
of carbon, steam, aldehydes, and acids, but no free carbon 
or hydrogen; in addition alcohols and substances of per- 
oxydic character are found together with a variety of other 
products due to secondary reactions. 

The rate of such slow reactions conforms to no simple 
‘order’ of reaction but increases very rapidly with in- 
creasing hydrocarbon concentration and is relatively little 
influenced by changes in the oxygen concentration; the 
most reactive mixture is usually that containing hydro- 
carbon and oxygen in the ratio 2 :1. It is also found that 
the temperature of initial combustion in air (i.e. the lowest 
temperature at which steam, carbon dioxide, and aldehydes 
can first be detected in the products) varies with mixture 
strength and has a minimum value for mixtures containing 
an excess of hydrocarbon over the theoretical amount for 
complete combustion. 

Thus Callendar and Mardles found the following values 
for ethylene-air mixtures, the period of heating being about 
20 sec. [14, 1927]. 


The Temperature of Initial Combustion of 
Ethylene- A ir M ixtures 

Mixture strength % by volume of combustible: 

1*9 30 5-4 7-5 18 24 31 37 43 56 64 78 

Temp, of initial combustion ° C.: 

540“ 535“ 530° 515° 505° 490° 480° 464° 459° 453° 465° 468° 

With increasing molecular weight the lowest temperature 
of initial combustion of the paraffin decreases at first but 
tends to a constant value. In the following table are given 
data relating to (a) the paraffins, (b) aromatic hydro- 
carbons, (c) various aldehydes and alcohols, (d) fatty acids. 

Table I 

Lowest Temperature of Initial Combustion in Air of Certain 
Organic Substances (Callendar and Mardles) 


Substance 

Mixture strength g. of 
combustible per 100 g. 
of mixture ! 

Temp, initial 
combustion 
°C. 

(a) Methane . 

1 

615 

Ethane 

1 

542 

w-Pentanc . 

21 ’ 1 

295 

/.w-Pentane 

26 ! 

303 

/i-Hexanc . 

• ' 23 

265 

Octane 


215 

Nonane 


210 

Decanc 


210 

{b) Benzene 

18-5 

670 

Toluene 

9-5 

550 

Xylene 

. ' 5*2 1 

540 

Naphthalene 


580 

(c) Methyl alcohol . 

15 ' 

440 

Ethyl alcohol 

. : 8 i 

445 

Amyl {iso) alcohol 

7 

450 

Butyl alcohol 

42 

570 

Benzyl alcohol . 

5 

390 

Paraldehyde 

• 1 8 ’ 

220 

Formaldehyde . 

. : 4 

300 

Acetaldehyde 

38 i 

185 

Propyl aldehyde 

.1 19 j 

135 

Valcraldehyde 

. 1 6-5 

1 

230 

(d) Acetic acid 

• i '2 ! 

450 

Formic acid 

.1 1-5 ! 

200 


Another characteristic of the reactions is that when any 
hydrocarbon-oxygen medium is introduced into an enclo- 
sure maintained at such a temperature that oxidation will 
eventually take place, there is a delay or ‘induction’ period 
during which there is no measurable pressure-change in 
the system and little or no combination takes place; this is 
succeeded by a period of relatively rapid reaction during 
which the greater part of the hydrocarbon or oxygen, 
whichever is in defect, is consumed. 

The durations of the ‘induction’ and ‘reaction’ periods 
are found to depend upon such factors as the temperature 
and pressure of the system, the relative proportions of 
hydrocarbon and oxygen, the dimensions and nature of 
the surface of the enclosure, and to be influenced by the 
presence of traces of certain substances such as nitrogen 
peroxide, aldehydes, and alcohols (Bone [6, 1932]). 

The extent to which the relative proportions of hydro- 



COMBUSTION PHENOMENA OF HYDROCARBONS 


2861 


carbons and oxygen influence the induction and reaction 
periods may be seen from the data given in Table II. 
These facts and many others lead to the view that the 
hydrocarbon molecule is oxidized in definite stages, each 
one being marked by the formation and subsequent 
oxidation or thermal decomposition of an intermediate 
oxygenated derivative, the final products being the oxides 
of carbon and steam; the number of stages will increase 
wkh the complexity of the molecules, and it is only in the 
case of the simpler members of the paraffin, olefine, and 
acetylene series that some of the principal intermediate 
compounds have been identified and information obtained 
as to the order of their appearance. 


tion of this mechanism. We may suppose that during the 
oxidation of the original molecule R, which is relatively 
resistant to oxidation, a less stable intermediate oxygenated 
compound Y is formed. The further oxidation of Y may 
then, by furnishing a supply of oxygen atoms, accelerate 
the first stage, thus setting up a chain of reactions some- 
what as follows: 

ro+o 

0 + R-> Y 

Y-i 02-> TO + O, &c. 

In certain circumstances chains may divide or branch, thus 
setting up fresh centres of activity; for example, the further 


Table II 

Durations of Induction and Reaction Periods in the Slow Combustion of Hydrocarbon-Oxygen Mixtures {Bone [6]) 


Hydrocarbon 
Temperature “ C. 

1 

Methane 

447° 


Ethane 

316° 



Propane 

IbT 

Ethylene 

1 300° 

Hydrocarbon-oxygen ratio 

. 1 2:1 

1 ; 1 : 1:2 

2:1 

1 : 1 

1 :2 

2 : 1 

1:1 

1:2 2:1 

1 : 1 

Duration of 

i 

1 





' 



(1) ‘Induction’ (min.) . 

3-5 i 

10 18 

i 3 

30 

60 

i 110 

170 

700 j 16 

47 

(2) ‘Reaction’ (min.) 

. , 35 

i 400 1 * 

1 13 

35 

! 225 

! '4 

i 21 : 

32 1 11 

! 33 


• Too long to be measurable. 


The Mechanism of Exothermic Reactions. 

Before attempting to survey the experimental evidence 
upon which the foregoing resume is based, some account 
must be given of the mechanism of exothermic reactions. 
It will be recalled that according to the view first put for- 
ward by Arrhenius collision between molecules leads to 
reaction only when their combined energies exceed a certain 
value (£■) called the ‘activation energy’. At any temperature 
(T) the fraction of molecules with energy exceeding E is 
^-E RT velocity constant k of the reaction will there- 
fore be given by k and the temperature co- 

efficient of reaction rate by 

d log k E 

dT ^ ’ 

When the reaction is slow, the heat liberated is largely 
dispersed by conduction and convection; but as the velocity 
increases a point is reached at which the rate of heat libera- 
tion exceeds that of its removal, the temperature of the 
system will then rise rapidly and the reaction may become 
explosive. Such in its simplest form is the thermal view of 
the genesis of an explosion. 

There are a number of phenomena of slow and explosive 
combustion, however, which arc not adequately explained 
on the above hypothesis. Thus, for example, the well- 
defined ‘induction’ period, the effect of pressure upon the 
limits of inflammation, and the action of certain classes of 
substances in inhibiting combustion all point to the exis- 
tence of specific conditions of energy transfer more or less 
independent of temperature. Such considerations have led 
to the suggestion that combustion in general proceeds by a 
‘chain’ mechanism [20, 1928, 1932; 52, 1935]. It is postu- 
lated that when reaction occurs between suitably energized 
molecules the heats of ‘activation’ and ‘reaction’ are not 
transferred by molecular collisions to the system as a whole, 
thereby causing a general temperature rise, but by specific 
encounters with suitable reactant molecules which hand 
on the energy quantum wise. In this way the rate of 
reaction is related to the number and length of the so-called 
chains. In the case of the hydrocarbons the sequence of 
reactions which occur during oxidation require a modifica- 


oxidation of the product YO may create a new source of 
oxygen atoms, thus: 

yo+02-> yo:o I o. 

The number of active centres will tend to increase except 
in so far as deactivating processes such as molecular colli- 
sions may preserve a balance; and since the rate of pro- 
duction of active centres and the rate of deactivation 
depend, inter alia, upon concentration, there will be a pres- 
sure limit at which the former exceeds the latter, and the 
reaction rate will undergo a sudden acceleration resulting, 
in suitable circumstances, in inflammation of the medium. 

Reaction chains may both originate and terminate on 
the walls of the containing vessel; in the latter event the 
reaction rate will be found to be influenced by the dimen- 
sions of the vessel and will be retarded by increasing the 
surface; also, the introduction of an inert gas may, by 
hindering the chains reaching the walls, accelerate the reac- 
tion. We may therefore accept as criteria of chain reactions 
one or more of the following: (1) the occurrence of an 
induction period during which reaction is very slow, fol- 
lowed by (2) an abrupt change to rapid and maybe 
explosive combustion, (3) acceleration of the reaction by 
addition of an inert gas, and (4) dependence of rate of 
reaction on the dimensions of the vessel and its surface- 
volume ratio. 

The Combustion Characteristics of some Typical 

Hydrocarbons. 

We may now proceed to consider in more detail the 
behaviour of some typical gaseous and liquid hydro- 
carbons. There are two methods in general use for studying 
their slow combustion, namely, a ‘static’ method in which 
the reacting medium is introduced into a closed vessel, 
maintained at some suitable temperature, and connected 
with a manometer, and the progress of oxidation is fol- 
lowed by the change in pressure with time and by chemical 
analysis; and a ‘continuous flow’ method in which the 
reacting medium is passed at constant velocity through a 
uniformly heated tube, the progress of events being fol- 
lowed by analyses of samples taken at suitable intervals. 
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The vessels or tubes employed are usually of pyrex glass, 
transparent silica, or porcelain, and the experiments are 
carried out at atmospheric or reduced pressures. 

Methane — Slow Combustion. At atmospheric pressure 
methane will react with oxygen at temperatures of about 
420° C. and upwards, the products consisting of the two 
oxides of carbon and steam together with small quantities 
of formaldehyde and formic acid. The reaction is marked 
by a well-defined induction period followed by a period 
of relatively rapid reaction during which the pressure rises 
and the greater part of the hydrocarbon or oxygen (which- 
ever is in defect) is used up. In Fig. 1 is shown a series 


Influence of temperature at 1 
atmospheric pressure 

Influence of pressure at 

447^ C. 

Temp. 

°C. 

Observed duration of 

\ 

Pressure, 

mm. 

Observed duration of 

induction, 

min. 

reaction, 

min. 

induction, 

min. 

reaction, 

min. 

447 

4 

36 

770 

1 ^ 

36 

442 

5 

65 

706 I 

1 10 

160 

435 

11 

150 

575 

1 12 

270 

423 

50 

1 

1 


.. 

* 


Comparative experiments with mixtures containing vary- 
ing proportions of methane and oxygen show that the rate 



Fig. 1. Curves showing influence of mixture-composition on rate of reaction at 447° C. 
{By courtesy of the Royal Society.) 


of typical pressure-time curves for methane-oxygen mix- 
tures of varying composition at a pressure of 760-70 mm. 
reacting in a silica vessel maintained at 447° C. ; and in the 
accompanying table are the corresponding observed times 
of induction and reaction (Bone and Allum [7, 1932]). 


Original 

mixture 

Duration of observed 
periods of ' 

Percentage of initial 
oxygen remaining at end 
of observed 'reaction' 
period 

induction, 
min. 1 

reaction, 

min. 

3 CH 4 +O, 

10 

153 

i nil 

2 CH 4 +O, 

4 

36 

1 nil 

CH4-fO, 

12 

1,507 

1 2-3 

CH 44 - 1-860, 

21 

364 

! 53-1 


It may be noted that, whether judged by induction or 
reaction, the most reactive mixture is one containing 
methane and oxygen in the ratio 2:1. An inspection of 
the pressure-time curves indicates that there is an expo- 
nential growth of the rate of reaction with time during the 
early stages, the maximum velocity being attained approxi- 
mately at the moment when half the oxygen has been 
consumed. 

The effect of increase of initial pressure or reaction tem- 
perature is to shorten both the induction and reaction 
periods, as shown by the following figures relating to a 
2 CH 4 -f Oa mixture; 


of reaction is determined by a power of the methane con- 
centration between 2 and 3, and of the oxygen concentra- 
tion between 1 and 2. The effect of increase of surface (as, 
for example, by filling the reaction vessel with silica tubes) 
is to retard the reaction, whilst the presence of traces of 
certain substances such as formaldehyde and methyl alco- 
hol eliminates or shortens the induction period and speeds 
up the subsequent reaction. 

Analytical Data showing the Full Course of the Slow 

Reaction. 

The curves in Fig. 2 and the data in Table III relate to 
a 2CH4-f O 2 mixture reacting at 447° C. and atmospheric 
pressure [7, 1932]. They show that following an induction 
period of 6 min., during which little or no reaction takes 
place, some 40 min. elapse before half the oxygen is con- 
sumed. At the end of the induction period the only de- 
tectable products are formaldehyde (01 7%) and steam. 
After 97 min. only 4*6% of free oxygen remains in the 
system and the reaction has become exceedingly slow. The 
carbon-hydrogen-oxygen balances show that all the carbon 
of the methane burnt (save the small amount present as 
formaldehyde) is accounted for as carbon monoxide and 
dioxide. 

Combustion at Reduced Pressures. The influence of pres- 
sure and temperature upon the induction and reaction 
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periods has already been referred to, and it was pointed 
out that if the reaction rate is increased beyond a certain 
limiting value heat will accumulate in the system and in- 
flammation and explosion may result. By carrying out 
experiments at low pressures (15 cm. of mercury or less) 


fore, depends upon temperature and pressure increasing as 
one or both are progressively lowered until at some critical 
value inflammation will no longer occur. 

According to Neumann and Egorow [41, 1932], the rela- 
tion between pressure (p), absolute temperature (T), and 



Fig. 2. Dry 2 CH 4 4 - O* mixture at 447® C. {By courtesy of the Royal Society.) 

Table III 

Experiments with Dry 2CH4-f02 Mixture at T — 447° C. {Bone and Allum) 


Time in minutes from start 
(induction period = 6 min.) 


Initial pressure of dry mixture at 

T°C 

Final pressure of products at T° C. 


Partial pressure of original mixture 
at 0" C. : 

CH* .... 

O, 


Partial pressure of gaseous products 
(mm.) at 0° C. : 

CO, 

CO 

CH* 

O. 


C, H„ O, balances 

Units in original mixture 
Units in products 

Difference as H,0 (and traces of 
HCHO) 


6 


21 



28 


44 

” 1 


97 

-- 


mm. 

761-4 

761-4 


mm. 

769-6 

779-6 


mm. 

758-1 

775-4 

mm. 

760-5 

793 1 1 

mm. 

750-6 

799-4 

mm. 

762-2 

822-3 


mm. 



mm. 



mm. 


mm. 



mm. 



mm. 



196-5 


199-5 



197-0 


197-5 



197-4 



196-8 



97-9 



99-2 



98-0 



98-3 



98-2 



98*0 



nil 



0-6 



1-6 



3-7 



5-2 



14-4 



nil 



18-1 



17-7 



32-7 



35-8 



40-6 



196-0 



179-0 



176-7 


161-0 



155-8 



141-3 



97-5 



71-7 



66-5 



43-0 



35-8 



4-6 


c 1 


o, 

C 

H, 

Ot 

c 1 

H. 

o. 

C 

H. 

o. 

C 

H. 1 

o, 

C 

H, 

oT 

196-5 

393-0 

97-9 

199-5 

399 

99-2 

197-0 

394-0 

98-0 

197-5 

395 

98-3 

197-4 1 

394-3 1 

98-2 

196-8 

393-6 i 

98-0 

196-0 

392-0 1 

97-5 

197-7 

358 

81-3 

196-0 ' 

353-4 

77-0 

197-4 

322 

63-0 

196-8 1 

I 311-6 ' 

58-9 

196-3 1 

282-6 

39-3 

0-5 

1-0 

0-4 

1-8 

41 

17-9 

1-0 

40-6 

21-0 

0-1 

73 

35-3 

0-6 

1 82-7 

39-3 

0-5 

111-0 

58-7 


it becomes possible to follow the progress of oxidation at 
much higher velocities. In these circumstances it is found 
that when an explosive mixture is admitted to a sufficiently 
hot enclosure there is a period of induction which, in the 
case of methane, may amount to an hour or more, followed 
by an abrupt inflammation. The induction period, as be- 


induction period (f) for methane-oxygen mixtures is given 

ty ^ pi -8,^-41.000/ r 

where A: is a constant depending upon the ratio of the 
reacting gases and the dimensions of the vessel. 

Neumann and Serbinoff [42, 1933] have also found that 



2864 


COMBUSTION 


for certain methane-oxygen mixtures (containing 2-5-37% 
of methane) there are three pressure limits to explosion. 
Their results, illustrated by the curve in Fig. 3, show that 
at 640‘'C., for example, ignition will occur at pressures 



0 620 660 700 74-0 

TEMPERATURE ® C 

Fio. 3. 

between 4 and 9 cm. of mercury and again above 34 cm., 
whilst between 9 and 34 cm. and below 4 cm. ignition will 
not take place. This sudden change from a slow to a self- 
accelerating reaction under nearly isothermal conditions is 
difficult to explain except by a ‘ branching chain’ mechanism 


Ethane. The Slow Combustion at Atmospheric Pressure. 

Ethane behaves in a similar manner to methane, the most 
reactive mixture being that containing ethane and oxygen 
in the ratio 2:1. The curves in Fig. 4 show the relation 
between pressure and time for mixtures of varying com- 
position reacting in a silica vessel at atmospheric pressure 
and 316" C. [10, 1930]. 

The effect of small quantities of certain third bodies upon 
the induction and reaction periods is particularly well 
marked, as may be seen by the data in Table IV. 


Table IV 

Duration of Induction and Reaction Periods with a Dry 
CaHe + Og Medium at 316° C. and 720-30 mm. w ith various 
Additions {Bone and Hill) 



Induction, 

Reaction, 

i 

min. 

min. 

Dry CaHs } Oa . 

30 

70 

plus 1 moisture . . ' 

10 

' 25 

plus 1 "o CoH^OH . 

6 

18 

plus 1 % iodine 

5 

25 

plus I % NO-i 

0 

20 

plus 1 % CHaO 

0 

' 20 

plus 1“:. CH,CHO 

0 

Immediate 

inflammation 


It will be noted that these added compounds which 
nate the induction period ?re in all cases substances 


elimi- 

which 



such as has been referred to earlier. Further examples of 
this phenomenon and a fuller discussion of its implications 
will be found in the article by the authors on ‘Ignition’ in the 
Detonation Section (Article 5). 

Slow Combustion at High Pressures. The characteristics 
of the high-pressure combustion of methane will be referred 
to in detail later; it will suffice to mention here that amongst 
the products of such combustion is methyl alcohol, in 
considerable quantities. 


on thermal decomposition or further oxidation followed 
by decomposition are able to liberate oxygen atoms. 

The products of the slow combustion are acetaldehyde, 
formaldehyde, formic acid, a peroxide or peracid, the two 
oxides of carbon, and steam. 

In the accompanying Fig. 5 and Table V are given data 
relating to the full course of the reaction of a 2 C 2 He +02 
mixture at 303-305" C. and 687-9 mm. 

The more important points brought out by these experi- 
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ments are (1) that during the ‘induction’ period of 15 min. 
only inconsiderable amounts of oxygen are consumed and 
no intermediate products are detectable, (2) that aldehydes 
and peroxides appear together, reach a maximum at about 
the point of maximum reaction velocity, and 
thereafter diminish, (3) there is no separation of 
carbon or liberation of hydrogen, and (4) the 
carbon-hydrogen-oxygen balance based upon the 780 
experimental data indicate that either CgHaO or 
some less oxygenated ethane is also present among 
the soluble and condensable products, and the fact ^ 
that this compound tends to accumulate as the ^ 
oxygen of the original mixture is used up suggests | 760 
that it is a primary product of the oxidation. I 

The Slow Combustion at High Pressure. When an g 
ethane-oxygen mixture containing an excess of the ^ 
hydrocarbon reacts at pressures of 10 atm. or ^ 
higher, there are found in the products, in addition 740 
to the substances already mentioned, considerable *0 
quantities of ethyl alcohol, methyl alcohol, and 
acetic acid [43, 1 932]. On carrying out the oxidation 
by a continuous flow method in suchwise that the ^ 
reacting medium is subjected to heat for a short 3 
period only and is immediately cooled, it is possible ,0 
partially to arrest the oxidation so that the initial ^ 
products are found in large quantities. Thus when ^ 
a CjjHe ^ 90, Oo 3, Ng 7”u mixture at 50 atm. -g 
pressure is passed through a tube heated to 360 C. ^ 
at such a rate that the duration of heating is only 
4 sec., the composition of the products expressed 
as percentages of the carbon of the ethane burnt 
is as follows: C.HsOH 62 6, CH3CHO 4 8, 
CH3COOH -M, CH4 9 3, CO 9 2, CO2 ( 

- 4-7%. 

Ethylene. The products of the slow combustion fig 
are ethylene oxide, acetaldehyde, formaldehyde, a 
peroxide, formic acid, the two oxides of carbon and steam, 
whilst in special circumstances the presence of glyoxal and 
dioxy-methyl peroxide have been reported. 

In Fig. 6 the pressure-time curves for ethylene-oxygen 
mixtures of varying proportions reacting in a silica vessel at 
atmospheric pressure and 300^ C. show that the 2C2H4 f O., 
mixture is the most reactive, and that with all those 
originally containing more than the equimolecular propor- 


tion of ethylene there was a slight fall of pressure during 
the induction period and the subsequent pressure rise was 
also succeeded by a pressure fall. The duration of these 
changes are recorded in Table VI [9, 1933]. 



formic acid x w 


0 10 20 30 40 

Time (minutes) 

Fig. 5. 2C2Hfl I at 303-305^ C. (iffy courtesy of the Royal Society.) 


A more detailed study of the kinetics point to the reac- 
tion being approximately third order, the rate depending 
more upon the concentration of the ethylene than of the 
oxygen [54, 1929]. The etfcct of the addition of small 
quantities of third substances upon the duration of induc- 
tion and reaction periods of a C2H4 1 O2 medium (P2O5- 
dried) at 300" C. and 760 mm. is set forth in Table VII. 
Attention may be drawn to the marked contrast between 


Experiments with a 2C2H<, 


Table V 

- O2 Mixture at T = 


303-305^ C. {Bone and Hill) 


Time in minutes from start , . | 

15 

1 

21-5 



25 


28-5 i 


31-5 

j 


38 

(induction period - 15 min.) 














Partial pressures (mm.) in original mixture at 


i 


1 










0° C.: 


1 


1 










C.H, 

2I8‘5 


215-9 



216-2 1 


218-6 


218-3 



218-5 

O 2 

1140 

i 

112-6 



112-8 


114-1 


113-9 



114-0 

Partial pressures (mm.) of gaseous products at 


! 












0 “ c.: 


1 




1 








CO, 

2-3 

i 

2-8 



4-9 1 


7-6 


10-7 



12-9 

CO 

2-7 

i 

9-4 



22-1 


36-6 


55-0 



68-7 

C.He 

216-5 

1 

204-6 



189-8 1 


177-5 


167-0 



161-1 

0 , 

111-0 


93-7 



69-2 


48-4 


21-3 



1-3 

Partial pressures (mm.) of liquid products re- 





"‘i 





1 





duced to 0® c. : 


1 












CH.CHO 

nil 

1 

2-2 

i 


2-5 


3-1 

i 

1-9 



nil 

HCHO 

nil 


6-0 

1 


9-5 ' 


9-1 


7-9 



6-7 

C.H,0, 

nil 


0-3 



1-3 1 


1-8 


0-9 



nil 

HCOOH 

nil 


nil 



0-9 1 


1-3 


1-6 



1-7 

C, 0 , balance ..... 

C 

0, c 

! 1 

0 , 

C 

H, 

0 , 

C 

1 H, 0 , 

1 C 

; H, 1 

0 , 

C 

1 H, i 0 , 

Units in original mixture .... 

437 655 

114 432 

648 

1 113 

432 

649 

113 

437 

i 656 114 

i 437 

i 655 

114 

437 

656 114 

Units in above products .... 

438 650 ' 

1 14 432 

625 

106 

424 

588 

94 

420 

i 553 1 84 

415 

1 516 1 

67 

1 412 

; 492 54 

Diflerence Units as H,0 and ‘oxy-C,H,* 

.. i .. 

0 

23 

1 ^ 

8 

61 

19 

^'1 

' 103 i 30 

i 22 

i 139 i 

47 

Lii 

164 60 
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the effects of additions of the two isomers, acetaldehyde 
and ethylene oxide. 

The data for the progressive reaction of a 2C2H4“}-Oa 
medium at 300° C. are recorded in full in Table VIII and 
arc shown graphically for all stages of the reaction in Fig. 7. 


It should be noted that (1) the carbon-hydrogen-oxygcn 
balance indicates the presence of C2H4O isomers, accumu- 
lating as the oxygen in the system approaches exhaustion, 
(2) formaldehyde and formic acid both reach a maximum 
in the system some time before the pressure rise ends, and 



Fio. 6. Observed pressure-time curves with various C8H4-0, mixtures, (a) 2CjH4+Oa (3); (b) 3CaH44-Oa 
(2); (c) SCaHa+Oa (1); (d) CjHa+Oa (4); (e) CaH4-f-20a (5). The numbers in brackets correspond to 
the numbers in Table III. (By courtesy of the Royal Society,) 


Table VT 

Induction and Reaction Periods of Ethylene-Oxygen 
Mixtures reacting at Atmospheric Pressure and 
300° C. (Bone^ Haffner, and Ranee) 


Duration in minutes of 
I Reaction 


Mixture 

1 Induction 

Pressure 

rise 

Pressure 

fall 

Total 

5 CaH 4 + 0 , 

24 

1 

13 

20 

3C.H4+O, 

25 

11 

9 

20 

2C,H4+Oa 

16 

11 

5 

16 


44 

36 

0 

36 

CaH4+20. 

47 

330+ 

0 

330+ 


(3) that peroxide formation follows upon a certain accu- 
mulation of formaldehyde, reaches a maximum before the 


Table VII 


CaHa+Oa 

Duration in minutes of 

Total 

Induction 

Reaction 

Pressure 

rise 

Pressure 

fall 

PaOa dried 

54 

37 

13 

50 

plus 1 % H,0 

56 

29 

21 

50 

l%NO i 

0 

20 

8 

28 

1 %CHaCHO 

2 

42 

8 

50 

1 % ethylene oxide 

45 

75 

10 

85 

1 % HCHO 

25 

38 

13 

51 
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latter, and disappears some time before all the oxygen has 
been used up. The pressure fall towards the close of the 
reaction when presumably the primary product of the 
oxidation would be accumulating suggests that the forma- 
tion of the latter involves a reduction in volume. Mention 


Table VIII 

Data for a 2C2H44 O2 Reaction at T 300" C. 


Duration in minutes of — 
Induction 


Reaction: 


Pressure rise . 
, Pressure fall . 


16 



Partial pressures(mm.) in original mixture 
at 0 ° C: 


C,H, .... 

. 

240 



O 2 . . . . 

. 

114 



Partial pressure (mm.) of measured pro- 




ducts at O'’ C. : 





QH 4 .... 


1530 



Oa . . . . 

. 

00 



CO 2 . 


13*6 



CO ... . 


79*() 



CnHan + a* 


4*3 



HCHO 


160 



HCOOH . 


1 3-0 



Peroxide 


! nil 



C, Ha, Oa balance 


C ' 

Ha ; 

O 2 

Units in original mixture 


1 480 1 

480 . 

114 

Units in measured products 


426 ' 

338 1 

64 

Differences 


54 

142 

50 

Calculated as CaH^O . 


54 

54 

13 

Leaving as water 



88 . 

37 


♦ CrtHjn+a ~ mixture of ethane and propane. 


may be made of a series of experiments carried out by 
Blair and Wheeler [5, 1922-3] with ethylenc-oxygcn- 
nitrogen mixtures with special reference to the production 
of formaldehyde. A circulation method was employed, the 
reaction tube being of hard glass 3-4 mm. in diameter. 

The following is a summary of some of their results: 


Temp. 4o CoHi in 

of i mixture before 
expt. 1 and after expt. 

% of oxygen in 
mixture before 
and after expt. 

Rate of : %ofCiU^ 
passage ; converted 
(^f /o HCHO 

\ 

560 ! 151-10-8 

575 1 13-4-10-5 

600* 149-17-5 

9-6- 3*5 
14-9-130 
11 - 6 - 0-0 

c.c. per ' 
min. 

30 50 

50 1 70 

31 ; 1'5 


* A steel tube was used in this experiment. 


Also, under conditions of very slow reaction at 560" and 
with a large excess of oxygen, as much as 511% of the 
ethylene burnt was recovered as acetaldehyde and a further 
28-9% as formaldehyde. These results arc of particular 
interest as showing that the oxidation may be almost com- 
pletely arrested at an early stage. 

Acetylene. The slow combustion of acetylene has been 
studied by static, circulation, and continuous flow methods. 

When acetylene-oxygen mixtures are heated in a closed 
glass vessel interaction begins at about 250° C. and proceeds 
rapidly at 300° C. In the case of a mixture corresponding to 
2C2Ha4-02 and C2H2+O2 explosive combustion sets in at 
350° C. and with mixtures corresponding to 2C2H2-4 3O2 at 
375° C. The rate of combustion is retarded and the igni- 
tion point is always raised by either reducing the initial 
pressure or by the addition of oxygen over and above an 
IV 


equimolecular proportion. Analyses show that carbon 
monoxide and formaldehyde simultaneously arise at an 
early stage of the process, probably as the result of the 
decomposition of an unstable initial product C2H2O2. 
Formic acid, carbon dioxide, and steam together with 
traces of acetaldehyde are also found in the products, and 
the presence of glyoxal has been reported in continuous 
flow and circulation experiments [11, 1927]. 



TIME (MINUTES) 

Fig. 7. 

Reference may be made to some experiments by Spence 
and Kistiakowsky [53, 1930] in which acetylene-oxygen 
mixtures were circulated through a pyrex glass tube heated 
to a temperature of about 320 C. and the progress of the 
reaction followed by the change of pressure in the system 
and by chemical analysis. 

It was found that reaction was preceded by an induction 
period and that the rate of reaction was accelerated by 
oxygen when acetylene was in excess, but was slightly 
retarded by it when oxygen was present in excess. At the 
optimum oxygen concentration the rate was proportional 
to the square of the acetylene concentration. 

The products consisted of glyoxal, formaldehyde, formic 
acid, the two oxides of carbon, and steam. No free hydro- 
gen was found and no carbon was deposited. 

The following balance calculated from the analysis of the 
products from a mixture of composition C2H2= 357*0 mm., 
O2 == 129*0 mm. reacting at 320° C., shows the distribution 
of the original carbon in the products : 


Product 

G. atoms of 
carbon x ]0^ 

CaH.Oa 

0-783 

HCHO 

0-545 

H COOH . 

0-376 

C,Ha 

19-180 

CO 2 . 

0*182 

CO ... . 

2*798 

Total 

. 23-864 

In initial gases 

. 23-960 


In reviewing their results Spence and Kistiakowsky con- 
sider that the induction period is caused by a gradual 
accumulation of some condensable substance which is 
necessary for the reaction to acquire its full rate and sug- 
gest that it can be identified as one or all of the three 
condensable products, glyoxal, formaldehyde, and formic 
acid. Attention is also drawn to the fact that during the 
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reaction formaldehyde is oxidized to formic acid at tem- 
peratures at which it would not normally be attacked. 
Taking these facts into consideration, they conclude that 
oxidation proceeds by a chain mechanism but that there 
is insufficient evidence to specify it in detail. 

The Slow Combustion of the Higher Hydrocarbons. 

In dealing with the higher hydrocarbons a much greater 
degree of complexity in the combustion must be expected 
due to the increased number of intermediate stages and the 
probability of secondary reactions interfering with the main 
course of events. The data necessary for defining accurately 
the changes that occur is still far from complete; no full 
analyses of the products are available, and the evidence for 
deciding the point of initial attack of oxygen on the hydro- 
carbon molecule is not conclusive. 

Generally speaking, combustion appears to have the 
characteristics associated with a chain mechanism (cf. oxi- 
dation of pentane, Pidgeon and Egerton [20, 1932]); there 
are well-defined induction periods and the rates of reaction 
are retarded by increasing the surface-volume ratio of the 
containing vessel. The most reactive mixtures are the 2:1 
or 1 : 1 (hydrocarbon-o.xygen) and, as with the lower mem- 
bers, the rates arc increased by increase in the hydrocarbon 
concentration and are unaffected or retarded by increase 
in the oxygen. 

A phenomenon of considerable significance is the occur- 
rence of well-defined zones of luminosity during the slow 
combustion; this effect is most pronounced with the higher 
hydrocarbons, but also occurs to some extent with those of 
low molecular weight. Its nature may best be understood 
by describing what takes place in a particular instance. 
Only brief reference is made to the phenomenon, as the sub- 
ject is dealt with again in the section on Detonation. 

When a pentane-air mixture containing less than the 
theoretical quantity of the hydrocarbon for complete com- 
bustion is passed through a pyrex glass tube at the rate of 
5 litres per hour and the temperature of the tube slowly 
increased from 20 to 700 C., nothing is visible until about 
240° C. At this temperature a feeble luminosity is appa- 
rent, increasing in intensity until about 300-350° C.; as the 
temperature further increases, the luminosity is masked 
by the red-hot walls of the tube (from 525-550° C. upwards). 
Ignition occurs at 660-670° C., the flame being of a blue 
colour and appearing intermittently at the entrance to the 
tube (vide Prettre [51, 1931] and Article 4 in Section 42 of 
this work). 

For mixtures containing more than the theoretical 
quantity of pentane different phenomena occur. Lumino- 
sity is first observable at about 220° C. (^i) and remains fairly 
constant in intensity up to about 240° C. (0 ^) ; the intensity 
then increases rapidly, especially near the exit of the tube, 
until at about 260°C. (^i temperature of first inflammation) 
a brilliant sharp flame appears at the exit end and travels 
slowly towards the inlet. As the temperature rises, a suc- 
cession of similar flames appear, travel to the inlet, and are 
extinguished; it is observable that with increasing tempera- 
ture they become more diffuse in outline and travel slower 
until at 290° C. (ft) flame is no longer formed, although 
luminosity varying in intensity still persists. Above 350° C. 
the luminosity becomes uniform and remains so until it is 
masked by the red-hot walls of the tube. Between 670 and 
710® C. (T~ temperature of second inflammation) ignition 
occurs at the inlet end of the tube, the flame showing 
pulsations. 


The data in the accompanying table relate to a series of 
experiments with pentane-air mixtures of varying strengths. 


Table IX (Prettre) 


Pentane 

content 

Rate of flow, 
litres per 






O / 

hour 

Of C. 

9/ C. 

tf C. 

C. 

C. 

1-3 

5-70 

250 




680 

21 

3 00 

242 




670 

2-35 

4-30 

! 230 



. . i 

660 

2-60 

5-40 

; 225 

\ 237 

i 263 ‘ 

285 i 

672 

405 

6-50 

221 

! 240 

: 262 1 

292 

! 681 

615 

5-80 

1 225 

1 235 

i 261 1 

286 

710 

16 55 

4-80 

! 225 

! 244 

1 

259 1 

; ! 

270 

Beyond 

limit 


All the flames formed between 260 and 290° C. in excess 
pentane-air mixtures originate at the exit end of the tube. 
This seems to show that ignition at these temperatures is 
possible only by the formation of some intermediate pro- 
duct whose combustion induces flame; it is not the inter- 
mediate product only that burns, because the flame once 
formed travels backwards to the inlet end of the tube, 
where, presumably, such product would be absent. It 
should be noted that the temperature T is higher than the 
true ignition temperature, probably owing to some dilution 
of the initial mixture with the product of combustion. 
Chemical analyses show that between 100 and 220° C. traces 
of aldehyde are present in the products; as luminosity 
appears the aldehyde content increases parallel with its 
intensity until when the first flame is formed one bubble of 
gas from the exit end of the tube produces a deep colour 
with Schifl"s reagent. When the temperature exceeds 
dense vapours appear which condense to give an oily liquid 
of acid reaction. 

Propane, hexane, heptane, and octane behave in a similar 
manner to pentane. Ethane, on the other hand, becomes 
luminous at 350-400 C., but does not inflame below 650° C., 
whilst methane only shows luminosity in the neighbourhood 
of its ignition temperature 720-780 C. 

Of the olefines ethylene shows luminosity at 420° C. and 
inflames at 600 C., whilst amylene behaves much like the 
higher paraffins. 

Another interesting fact that has recently been discovered 
in connexion with the higher hydrocarbons is the existence 
under certain circumstances of a negative temperature co- 
efficient. This was first observed by Pease and Munro [48, 
1929; 49, 1934] in the case of propane-oxygen-nitrogen mix- 
tures undergoing slow combustion in a continuous flow sys- 
tem, and has since been confirmed by other workers. Pease 
and Munro found that when a propane - 1, oxygen 1, 
nitrogen 2 mixture was passed through a heated pyrex 
glass tube, combination took place readily at 350° C. but 
not at 300, 400, or 450° C. At 475° C. the mixture became 
mildly explosive. The reaction rate first increased with 
temperature between 300 and 350° C., then decreased to 
zero as the temperature was raised to 450° C., after which it 
again increased. When the nitrogen content of the mixture 
was increased to 75% the whole of the low-temperature 
reaction was suppressed and only the high-temperature 
reaction (500-600° C.) with its positive temperature coeffi- 
cient but without its explosive character remained. 

So important is this phenomenon on its bearing upon 
internal-combustion engine theory that we propose to give 
an account of another investigation by Beatty and Edgar 
with rt-heptane-air mixtures, which throws further light on 
the matter [2, 1934]. The method employed was to vaporize 
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fi-heptane in nitrogen and add oxygen in proportions such 
that the ratio of the two gases was the same as in air, and 
the oxygen/fuel ratio was approximately the theoretical for 
complete combustion (i.e. 1-9% of fuel vapour). The pre- 
heated mixture was then passed at constant rate (so as to 
give a time of contact in the reaction tube of 40 sec. at 
200° C.) through a pyrcx glass tube of 2-41 cm. diameter and 
65 cm. long. The amount of reaction was determined by 
measurements of (1) the oxygen consumed per mol. of 
fuel input, and (2) the percentage of fuel input which was 
oxidized. 

It was found that slow oxidation could first be detected 
at about 1 50° C. and that at 2 1 7 ' C. 9 0 mol. of oxygen were 
used for every mol. of fuel oxidized (theoretical 1 1 mol.). 
The absence of an induction period and the large oxygen 
consumption suggest a heterogeneous reaction resulting 
in nearly complete combustion of each fuel molecule that 
is attacked. 

At about 250 C. the percentage of heptane oxidized in- 
creased rapidly, and at 270° C. 70-5 u was oxidized, of which 
24% disappeared in the first 5 cm. length of the reaction 
tube. The oxidation at this stage was definitely of the 
homogeneous chain-reaction type and was accompanied by 
visible chemi-luminescence. At the same time the oxygen 
consumption decreased to 3 0 mol. per mol. of fuel oxi- 
dized. At about 270 C. a mild explosion occurred causing 
pulsation of the fiow meter in the system and visible llame- 
like movements in the luminescent gas; these ignitions, at 
first 8 or 10 sec. apart, occurred more rapidly as the tem- 
perature was raised, until at about 305 C. they became 
continuous. At this stage marked local evolution of heat 
became apparent, with the result that the maximum tem- 
perature of the gas rose abruptly to 350 C.; the reaction 
velocity increased rapidly, but the amount of oxidation 
remained constant at 3 mol., and only 8r’u of the heptane 
was oxidized (at 340° C.). This phase of the combustion is 
called by Beatty and Edgar the ‘primary' reaction. 

Continuing up the temperature scale there was a sharp 
increase in the total amount of oxidation (from 3 0 to 
4-7 mol. of oxygen) from 350 to 380 C. due, it was con- 
sidered, to a subsequent reaction. From 380 to 490 C. no 
change whatever in the total amount of oxidation took 
place, although the oxygen used was only 42 7*^0 of the 
theoretical for complete combustion. This extraordinary 
passivity implies an unexpectedly high stability of the reac- 
tion products with respect to oxygen. Finally, at the 
inflammation point (about 525" C.) the mixture ignited at a 
point some 15 cm. from the inlet, a rapid, greenish-blue 
flame moving in both directions at intervals of 5 sec. 
At this stage complete combustion to carbon dioxide and 
steam took place. With further increase of temperature 
the inflammation became continuous and occurred at the 
inlet to the tube. 

With regard to the products of combustion, carbon di- 
oxide appeared first and increased steadily to 0 75 mol. per 
mol. of fuel input at 380° C., which amount then remained 
constant up to the inflammation point. On the other hand, 
the amount of carbon monoxide formed increased with the 
oxygen consumption in a step-wise manner and reached 
2- 15 mol. at 380°; it then rose slowly but steadily with 
further increase in temperature, attaining a value of 3 0 
mol. at 470° C. Finally, at some indefinite temperature be* 
tween 500 and 525° C. inflammation occurred w ith complete 
combustion to carbon dioxide and steam. 

Although the amount of reaction from 380 to 490° C. re- 
mained constant, the rate underwent a remarkable change. 
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From 380 to 490° C. the temperature coefficient of velocity 
was markedly negative, the percentage of reaction com- 
pleted in the first 25 cm. of the reaction tube falling from 
93 to 75, and in the first 5 cm. from 88-3 to 621. 

The change in luminosity and the negative temperature 
coefficient point unmistakably to the occurrence of suc- 
cessive stages in the oxidation; both effects, moreover, are 
closely associated with change in the spontaneous ignition 
temperature of the hydrocarbon, and reference should be 
made to the articles in the Detonation section entitled 
‘Ignition in Gases with Special Reference to Knock 
Problems’ for a further discussion of their significance. 

The Point of Initial Oxygen Attack. A number of in- 
vestigations have been made with a view to ascertaining 
at what point a long chain hydrocarbon molecule is most 
open to attack by oxygen. The trend of the evidence so 
far obtained is in favour of oxidation first taking place at 
the end of the chain, although some isolated observations 
suggest that in certain cases the initial attack may be at 
a point farthest removed from a methyl group. Support 
for the former view is found in the work of Pope, Dykstra, 
and Edgar [50, 1929], who have compared the behaviour 
of /7-octanc undergoing slow combustion in air with that of 
the following five isomeric octanes: 

CH^ CU. CIU CIF CH. CH. CH. CH, //-octane 
C'H. c n. C H(CH3) CH, (:H, CH., CH3 3-mclhyl heptane 
CI!,.Cn,.C{C,]!,), CH, CH, CH3 3-clhyl hexane 

CH, CHtCHa) . CHCC.Hs) • CH, • CH., 2-methyl 3-cthyl 

pentane 

2,5-dinicthyl hexane 

CH 3 • aCHa)^ • CH 3 • C HtCHa) • CH 2,2,4-lrimethyl pentane 

Their experimental method consisted in passing the pre- 
heated vapour-air mixture in the theoretical proportions 
for complete combustion through a 1-in. diameter pyrex 
glass tube, 3 ft. long, heated in an electric furnace. Experi- 
ments w ere carried out (a) at constant furnace temperature 
and (b) with slowly rising temperature (about 4° C. per min.), 
and the progress of the reaction was followed by analyses 
of samples of the gaseous products and by tests carried out 
on the liquid products. 

In experiments with slowly rising temperature the com- 
bustion of //-octane could be divided into three temperature 
zones: 200-270, 270-650, and above 650° C. Below 200° C. 
no oxygen was consumed, but between 2(X) and 270° C. the 
oxygen content of the medium decreased regularly until 
the consumption calculated per mol. of octane oxidized 
amounted to about 2 mol. The liquid products consisted 
mainly of aldehyde and water and the gaseous products of 
carbon dioxide. Carbon monoxide was practically absent 
until just below 270° C., and hydrogen and methane were 
never detected. There was, however, a small amount of 
some gas absorbed by fuming sulphuric acid, the nature 
of which was not determined. The quantities of the oxides 
of carbon present at the different temperatures are shown 
by the curves in Fig. 8. 

At about 270° C. some change in the reaction was indi- 
cated by the occurrence of a feeble luminescence which 
appeared to move counter-current to the gas flow and by 
pressure pulsations in the reacting medium. At the same time 
there was a sudden increase in the carbon monoxide content 
of the products. With rising temperature the pressure pulsa- 
tion gradually diminished and at 300-320° C. were no longer 
noticeable — whilst the carbon monoxide content had risen 
to 1 mol. per mol. of octane consumed. Above 350° C. the 
oxygen consumption increased gradually up to 650° C., 
where it was nearly 6 mol. per mol. of fuel oxidized. The 
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carbon dioxide in the products increased up to 400° C., after 
which it remained constant until 650° C., when it again 
showed an increase — the carbon monoxide at the same time 
diminishing. At about 650° C. the luminescence gave place 
to a blue flame which moved with the gas stream but ultim- 
ately, at some higher temperature, settled at the outlet, 
combustion then being complete. 

Parallel experiments with heptaldehyde and butyralde- 



Fig. 8. 

hyde showed essentially the same features. Pope, Dykstra, 
and Edgar consider that the early appearance of aldehyde 
and water, the invariable presence of considerable amounts 
of aldehyde under all conditions, and the general similarity 
between the oxidation curve of //-octane and of heptalde- 
hyde indicate that the primary oxidation products of octane 
are heptaldehyde and steam, thus : 

CH3(CH2)eCH3+02 CH3(CH,)eCHO+H20, 
the initial oxidation occurring at the end of the chain. The 
aldehyde first formed is then further oxidized to an alde- 
hyde of lower molecular weight by one of the following 
reactions : 

Main reaction 

CH,(CHd.CHO f Oj -V CH,(CHa)4CHO + HaO + CO 
Side reaction 

CH,(CHt)«CH04 l-50a CH,(CHa)»CHO + H,0 + COa 

A detailed comparison of the results of the experiments 
with n-octane and heptaldehyde lend support to this view. 
Furthermore, it may be pointed out that with //-octane 
there is a distinct difference in the nature of the reactions 
giving rise to carbon monoxide and carbon dioxide. The 
latter is unaffected by the rate of heating and does not 
become an important factor until above 650“ C. The reaction 
involving carbon monoxide appears at 270° C., shows a 
sharp decrease in its temperature coefficient at a slightly 
higher temperature, and is accompanied by pressure surges 
and luminescent flashes. No evidence was obtained of the 
formation of alcohols or of other than traces of peroxydic 
compounds. 

The results of the oxidation of the five isomeric octanes 
may now be briefly summarized. 

It is found that the point of initial attack is always at 
a methyl group rather than at a secondary or tertiary atom, 
and that hydrocarbons containing secondary or tertiary 
atoms are more resistant to oxidation than those without 
them. With the exception of 2,2,4-trimethyl pentane the 
remaining isomers behave generally in a similar manner to 
//-octane. The oxygen consumption curves, for example. 


show that an abrupt rise takes place below 300° C. fol- 
lowed by a period of slow rise as the temperature is further 
increased. The amount of oxygen used during the rise is 
found to correspond in the case of 2,5-dimethyl hexane to 
the oxidation of 1 carbon atom, and for 2-methyl, 3-cAyl 
pentane, 3-ethyl hexane, and 3-methyl heptane to the oxida- 
tion of 2, 3, and more than 3 carbon atoms respectively. 

These results lead to the conclusion that in all cases but 
one oxygen attacks the methyl group at the end of the 
longest open-end straight chain of the hydrocarbon mole- 
cule forming an aldehyde and water; the aldehyde is then 
further oxidized with the formation of an aldehyde con- 
taining one less carbon atom, water, and one or other of 
the oxides of carbon. This reaction proceeds until a branch 
in the hydrocarbon chain occurs, when a ketone is formed 
which is more resistant to oxidation than are the aldehydes. 

2.2,4-trimcthylpentane has an open-end straight chain 
of only one carbon atom and possesses a highly condensed 
structure which renders it resistant to oxidation. It does 
not react until a temperature of about 500° C. is reached, 
when combustion proceeds at once to completion. 

The alternative view that oxygen initially attacks the 
hydrocarbon molecule at a point farthest removed from 
a methyl group was suggested by Grun to explain the fact 
that the oxidation of liquid hydrocarbons in certain circum- 
stances proceeds with explosive violence. He assumes that 
by a preliminary partial ‘cracking’ of the molecule a 
‘nascent’ ethylene linkage is formed which offers a point 
of attachment for the oxygen; the initial product of the 
oxidation would then be an unstable alkyl peroxide. 

The occurrence of acryl and propyl derivatives in the 
products of hexane oxidation would be satisfactorily ex- 
plained on the above assumption; on the other hand, 
valeraldchyde and butyraldchyde have also been identified 
amongst the products and unquestionably arise from ter- 
minal oxidations. The experiments of Egerton and Pidgeon 
on the absorption spectra of burning hydrocarbons may 
be referred to in this connexion, for if appreciable quantity 
of ethylenic substances were formed by a preliminary 
partial cracking, such would give rise to sharp absorption, 
but no such absorption was observed (see Detonation sec- 
tion, Article 1). 

The Formation of Peroxides. 

Peroxides have frequently been detected during the 
oxidation of hydrocarbons, and the suggestion has been 
put forward that they are initially formed by the direct 
incorporation of oxygen in the hydrocarbon molecule, 
thus: 

H H 


HH 

R C C R l o^: 
HH 


H H 
H H 

^RCCR 


R 


O H 


0 

1 

H 


Their subsequent decomposition would then give rise to 
aldehyde and water [36, 1930-3]. 

Peroxydic bodies, including alkyl peroxides, peracids, 
and hydrogen peroxide, are undoubtedly formed during 
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slow combustion, and the presence of one or other has 
been reported by Callendar, Bone, Egerton, Lenher, Pease, 
and others in the products from both paraffin and olefine 
oxidations. The evidence available, however, is seldom 
sufficient to allow of the particular peroxydic body being 
identified, and no known alkyl or alkyl hydrogen peroxide 
has so far been isolated in such experiments. 

One of the most convincing pieces of evidence of the 
formation of alkyl peroxide is to be found in the work of 
Dumanois, Mondain-Monval, and Quanquin [19, 1930]. 
These investigators employed hexane, heptane, and octane- 
air mixtures in a flow system in which the temperature of 
the reaction tube was slowly raised and observations made 
as to the nature of the gaseous and condensable products. 
With rise of temperature it was found that at about 200” C. 
there was a slight formation of aldehyde and carbon di- 
oxide, whilst at 325" C. the reaction tube filled with heavy 
white fumes having a strongly aldehydic reaction, and there 
was an evolution of heat causing a temperature rise of 
some 40° C. The white fumes on condensation gave a liquid 
which separated into two layers, the lighter having a 
characteristic smell and containing besides some unchanged 
hydrocarbon, a considerable amount of formaldehyde, and 
small quantities of acet- and butyraldehyde. The aqueous 
lower layer was yellowish brown and had a strongly acid 
reaction; by rectification in vacuo a yellowish oil was ob- 
tained which possessed all the characteristics of an alkyl 
peroxide. With potassium iodide, for example, a violent 
reaction took place accompanied by evolution of hydrogen 
and liberation of iodine. Whilst with caustic potash con- 
siderable evolution of heat took place, hydrogen and a 
hydrocarbon were liberated, and the residual solution was 
found to contain formates and methyl alcohol. On heating 
the oil alone decomposition occurred at 200° C. with the 
formation of a ‘cold’ flame and liberation of aldehydes. 

In the slow combustion of ethane Bone and Hill have 
shown that peroxides are only found in association with 
acetaldehyde, a circumstance suggesting that they, at any 
rate, partly arise from the oxidation of the aldehyde. Further 
evidence supporting this view is found in experiments by 
Newitt and Szego [45, 1934] on the pressure oxidation of 
ethane and acetaldehyde, and in the work of Bowen and 
Tietz [12] oil the formation of peracetic acid and diacetyl- 
peroxide during the oxidation of acetaldehyde. Pease and 
Munro [49, 1934], on the other hand, found that peroxides, 
as distinct from peracids, were formed during the slow oxi- 
dation of propane in a flow system. Thus, on passing a 1 : 3 
propane-oxygen mixture at 400° C. through a pyrex glass 
tube at the rate of 100 c.c. per minute, the ratio of peroxide 
to aldehyde in the products was 9:1. On coating the 
reaction tube with potassium chloride, however, the forma- 
tion of peroxides was almost completely inhibited without 
greatly altering the total amount of reaction, a result sug- 
gesting that they are not essential to the propagation of the 
reaction. 

The Slow Combustion of the Higher Olefines. 

It might be expected that in the case of the olefines 
oxygen would be directly incorporated in the molecule at 
the double bond as follows: 

C:C+0,->C-C C-C 

I I or \/ 

0-0 o 

I 

o 

the initial product being a peroxide. 


Experimental evidence, however, shows that the charac- 
teristics of such oxidations are similar to those of the 
paraffins and that the oxygen first attacks the end of 
the chain. Beatty and Edgar [3, 1934] have, for example, 
compared the behaviour of 1-heptcne and 3-heptene with 
/7-hcptane undergoing reaction with the theoretical quantity 
of air for complete combustion in a flow system. Their 
results arc shown graphically in Fig. 9. 


Fio. 9. 

It was found that whilst with heptane oxidation began 
at 244° C., the heptenes did not react until the temperature 
had risen to 300° C. In all three cases the oxygen consump- 
tion increased rapidly between 350 and 400° C. to a maxi- 
mum value which, however, was only about 40% of the 
theoretical for complete combustion. At about 400° C. the 
oxygen consumption showed a diminution due to the nega- 
tive temperature coefficient of the reaction velocity, but with 
further rise of temperature the consumption again increased 
until between 500 and 550° C. combustion was complete. A 
more precise determination of the relative rates of reaction 
showed that at both low and high temperature there was 
a decided increase in velocity in going from 3-heptene to 
1-heptcne and thence to //-heptane. 

The Course and Mechanism of Hydrocarbon Com- 
bustion. 

It will be opportune at this stage to consider briefly the 
more important theories of hydrocarbon combustion, 
pointing out the extent to which they are able to account 
for the experimental results recorded in the preceding 
pages. The oldest of these theories, the hydroxylation 
theory, was suggested by H. E. Armstrong as long ago as 
1874 and was developed in its present form by W. A. Bone 
as the result of a series of researches extending over the 
period 1898-1902 [11, 1927]. . 

The Hydroxylation Theory is able to give an account 
of the course of combustion from slow reaction to explosion 
and detonation, and defines the nature of the intermediate 
products and the order in which they are formed. It is 
based largely upon the results of chemical analysis and 
does not postulate the intervention of any compound, 
capable of independent existence, which cannot be isolated 
and identified amongst the products of combustion. 

According to the theory, the slow oxidation of a 
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hydrocarbon involves a succession of hydroxylations and 
thermal decompositions mainly as follows: 


Methane 

CH* -> CHsOH' -> CH,(OH)a 


HOx HOv 

H,0fH2:C:0-> )C:0-> }C\0 

H/ HO^ 


Ethane 

CH, CH, CH, 

I - I - I 

CH, CHjOH CH(0H)2 


CO + HaO COa + HaO 


OH 


OH 




HaO-f CH 3 CHO CH 3 .C CHa(OH)C 


X 

o 


O 

COa + CH,OH-> 
See Methane. 


Ethylene 
CH, CH, 


H 


CH(OH) I OH OH 

11 -^2H-C:0- I -- I 

CH, CH(OH) CH(OH) H-C:0 OH-C : O 

CO t H,0 CO, I H.O 

Acetylene 

HC : CH -> OH OH 

C0 + H,:C:0-> | | 

H-C : O OH-C : O 

arriSlo coTTh^ 


It should be noted that, save in the case of acetylene, the 
initial product of the oxidation is always an alcohol; the 
second stage involves the transient formation of an unstable 
dihydroxy-derivative followed by its decomposition to 
water and an aldehyde; the third stage the conversion of 
the aldehyde either into a lower aldehyde or into the corre- 
sponding fatty acid; and finally, the further hydroxylation 
of the fatty acid and the subsequent breakdown of the 
dihydroxy compound so produced. Secondary reactions 
arising from thermal decompositions, condensations, or 
interactions of the intermediates may give rise to a variety 
of substances, including lower hydrocarbons, peracids, free 
carbon, and hydrogen. 

Considerable interest attaches to the initial stage of the 
oxidation, which according to the theory is the formation 
of an alcohol. The analytical data shows that an alcohol 
is an important product of the combustion and also sug- 
gests that it precedes the formation of aldehyde; thus, for 
example, it will be recalled that, during the oxidation of 
methane at high pressure, alcohol tended to accumulate in 
the products as reaction approached completion, whilst 
during the oxidation of ethane at high pressure in a flow 
system no less than 82-6% of the carbon of the ethane 
burnt survived as ethyl alcohol and only 4-8% as acetalde- 
hyde. Alcohol is not easy to identify amongst the products 
of combustion at ordinary pressure owing to the fact that 
it can oxidize more readily than does the parent hydro- 
carbon, and there are no tests sufficiently delicate to detect 
traces of it in the presence of relatively large amounts of 
aldehyde. Quite recently, however, Newitt and Gardner 
[43a, 1936] have succeeded in isolating methyl alcohol in 
considerable quantities during the combustion of methane 
at ordinary pressure by so arranging the experimental con- 
ditions that the reaction can be arrested at an early stage. 

The occurrence of carbon dioxide in the products under 
circumstances which preclude its formation by the direct 
oxidation of carbon monoxide and the absence of free 


hydrogen and carbon are all satisfactorily explained by the 
theory. Its application to the results of explosive com- 
bustion will be dealt with later. . - 

The Peroxide Theory. Mention has been made of the 
occurrence of peroxides during combustion and of the sug- 
gestion that the initial product of combustion of a hydro- 
carbon is an alkyl peroxide or alkyl hydrogen peroxide 

[36, 1930-3]. . . ^ r 

According to this view the oxidation of methane, lor 

example, would proceed as follows: 

1st stage: CH^ fO^ > CH4(02) or CH3 O O H 
2nd stage : CH 4(02) - > HCHO I H2O 
The formation of methyl alcohol could result from the 
autoxidation of a methane molecule by its peroxide or by 
intramolecular change: 

yf 2CH3OH 

CHifO,) I CH.C^ 

\ 2CH3OH 

Alkyl peroxides arc usually unstable endothermic liquids 
which readily explode, giving a mixture of products in- 
cluding alcohols, aldehydes, and fatty acids; and since their 
decomposition may give rise to oxygen atoms or active 
molecules, there is no difficulty in postulating a chain 
mechanism based upon their initial formation and subse- 
quent decomposition. 

Hgerton has made use of such a mechanism to explain 
the phenomenon of ‘knock’ in the internal combustion 
engine [20, 1928]. According to his view at that date: 

‘Suppose some fuel molecules arc amongst oxygen and 
nitrogen molecules in a vessel the temperature of which 
is gradually rising. The molecules primarily pick up their 
energy from the walls. It is the walls that control affairs 
at first, and reaction only occurs at the walls at first. 
Sufficient of the fuel molecules in the body of the gas 
may, however, gain momentarily sufficient energy to 
unite with an energetic oxygen molecule with which they 
happen to encounter. Prof. Callendar and his associates 
have investigated this temperature of initial combustion. 
It means essentially that a temporary peroxide is formed 
— a peroxide in a high energy slate possessing the energy 
of activation of the fuel and oxygen and also potentially 
the reaction energy. 

‘Several things may happen to this active addition 
compound of fuel and oxygen. («) It may revert to a 
normal state and radiate energy in so doing, and form 
a stable peroxide. Peroxides arc indeed found amongst 
products of combustion and of oxidation of organic 
compounds (as Wartenburg, Staudinger, Callendar and 
Mardles, and others have shown), {b) The compound 
may break up again, the parts being less active by the 
energy radiated, (c) The compound may reorganize and 
give highly active products, thus for ethane 

CHa-CH3 f02-> CHa CHa Oa-^ CHa • CHO + HaO. 
(Dihydroxyethane may possibly also be formed to some 
extent as an intermediate stage in the production of 
the aldehyde and water.) {d) Collision may occur. 
Encounter with inactive nitrogen molecules may result 
merely in frittering down the energy of the active pro- 
duct, but encounter with a fairly active fuel molecule, or 
product thereof, or oxygen molecule, will raise its energy 
so that It will react and produce active products. These 
products in turn may collide and activate other fuel 
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molecules, and so on, a reaction chain mechanism being 
set up; in the above case of ethane, 

CH3-CH3-I-O2 -> CH3CHO+H2O, 
the active aldehyde and/or water molecules being able 
to communicate their energy to activate other ethane 
molecules, and so on. 

‘Once a chain mechanism is established, local free 
energy increases, and molecules can be excited into 
higher energy states, and in returning from these states 
can give out light. So it is that luminescence can be 
observed during combustion of hydrocarbons many 
degrees below their igniting temperature.’ 

Although there is an apparent difference between the two 
theories outlined above, a closer examination will show 
little real distinction. For whereas the peroxide theory 
involves the formation of an alkyl peroxide by direct colli- 
sion between a hydrocarbon and an oxygen molecule, the 
hydroxylation theory docs not exclude a transient physical 
association between a hydrocarbon and an oxygen mole- 
cule until hit by a second hydrocarbon molecule, with 
consequent immediate formation of two molecules of the 
monohydroxy compound as the first recognizable chemical 
result. 

The Atomic Chain Theory. Recently R. Norrish has 
proposed an ‘Atomic Chain Theory’ which, whilst differing 
from the hydroxylation theory in its explanation of the 
initial phase of oxidation, is in agreement with it in regard 
to the subsequent course of the combustion [46, 1935]. 
According to Norrish the oxidation of a hydrocarbon may 
be visualized in terms of a simple chain involving a hydro- 
carbon radical and an oxygen atom. Thus in the case of 
methane the chain mechanism would be: 

CH 4 +O - CH 2 +H 2 O 4-48 kg.-cal. (1) 

CH 24 -O 2 - HCHO+ 04 - 15 kg.-cal. (2) 

This chain can continue until it is terminated by one or 
other of the following processes: 

O f CH4 + X - ^ CH3OH I X'+88 kg.-cal. (3) 

0 + surface 

The oxygen atoms necessary to initiate the chain are 
assumed to be formed by the productions of formaldehyde 
through a surface reaction 

CH1+O2 surface hCHO+H^O 

and the subsequent oxidation of formaldehyde to formic 
acid with liberation of an oxygen atom 

H CHO f02-> (H2C03)-> H COOH + O. 

Much of the atomic oxygen so formed will remain adsorbed 
and ultimately recombine on the surface — the remainder 
passing out into the gas phase and generating reaction 
chains. The induction period may therefore be identified 
with the time during which an equilibrium quantity of 
formaldehyde is being built up at the surface, and form- 
aldehyde may be regarded as the initial product of the 
oxidation of methane. 

The formation of methyl alcohol (and in the case of 
other hydrocarbons the corresponding alcohol) may be 
expected to occur to some extent by the operation of (3) 
under all conditions of slow combustion, but would be 
most marked at high pressures and in the presence of high 
concentrations of an inert gas. It can also be shown on 
the basis of the theory that the most reactive mixture 
should be one containing hydrocarbon and oxygen in the 
ratio 2:1. 


For olefines the corresponding mechanism would be: 

( 1 ) During the induction period (taking ethylene as an 
example): 

C 2 H 44 -O 2 - 2H CH04-118 kg.-cal. 

H CHO 4 -O 2 - H C00H4-0. 

(2) During the reaction period: 

C 2 H 4 +O = H CHO 4 -CH 24-35 kg.-cal. 

CH 2 +O 2 - HCHO 404-83 kg.-cal. 

The chain reaction can then continue until stopped by one 
of the following processes: 

O4-C2H44-X - C2H4O + X' 
or 04 - surface JO 2 . 

The atomic chain thcoiy differs from the peroxide theory 
in that it postulates the propagation of reactivity by atoms 
and radicals and not by an energy-chain mechanism such 
as that originally proposed by Egerton in 1927. One of the 
consequences of this difference appears in the explanation 
given of certain aspects of the kinetics of combustion. Thus 
Norrish points out that the addition of an inert diluent gas 
to a medium reacting by an energy-chain mechanism should 
cause a slowing down in velocity, whereas in actual fact the 
reverse is usually the case. Pease and Munro have also found 
that, although peroxides arc formed during the oxidation 
of propane, they are not essential to the chain propagating 
reaction, and when the experimental conditions are such 
as to preclude their formation only a moderate reduction 
in reaction velocity is observed. (For more recent views of 
Egerton and others on propagation of combustion by radi- 
cal-chain rather than energy-chain mechanism see Article 1 
in section on Detonation.) 

Comparing the hydroxylation and atomic chain theories 
the main difference lies in the mode of formation of alde- 
hyde; in the former aldehyde results from the further 
hydroxylation of an alcohol, whilst in the latter it results 
directly from the operation of the chain mechanism. The 
two schemes are mutually consistent if it be supposed that 
collision between an oxygen atom and a hydrocarbon 
molecule (C„H 2 „+ 2 ) produces a complex (C„H 2 rt| 20 ) which 
may split to [QHonl-f-HaO, the radical giving rise to 
reaction chains or becoming stabilized to the alcohol 
C„H 2 /hiOH by a ternary collision. Thus in the case of 
methane 

CH« ! O 2 > (CH40)-> H2C04 O 

I 

CH3OH. 

In this connexion it may be pointed out that Bone and 
Davis [8] concluded that the primary decomposition pro- 
ducts of methyl alcohol at low temperatures are the radical 
CHg and steam, and it may well be that in the early stages 
of combustion the conditions are such that all three are 
present in the system in equilibrium proportion. 

To summarize, it may be said that the hydroxylation 
theory accounts satisfactorily for all the analytical data of 
both slow and explosive hydrocarbon combustion although 
the mechanism by which the initial oxygen attack takes 
place is not specified. 

The peroxide and the atomic chain theories, on the other 
hand, are concerned principally with the kinetic aspects of 
combustion and with the mechanism of the chain pro- 
pagating reactions. The experimental evidence for this part 
of the subject, however, is still incomplete and in many 
cases unconvincing, and until more has been done it is 
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impossible to predict to what extent either will afford a 
satisfactory explanation of all ihe essential phenomena. 

B. EXPLOSIVE COMBUSTION 

Before dealing with factors relating to the ignition and 
development of pressure in explosions of hydrocarbon-air 
(oxygen) media it remains briefly to show how the hydroxy- 
lation theory, having accounted for the course of the inter- 
mediate stages in the slow non-explosive combustion of 
hydrocarbons, was successfully applied by Bone and his 
collaborators [ 6 , 1932] to account for the chemical pro- 
cesses occurring in flames and explosions. For, although 
the conditions prevailing in such circumstances are far 
more complex than those of slow combustion, the main 
course of the chemical changes concerned therein may be 
satisfactorily interpreted on the supposition that the result 
of the initial encounters between hydrocarbon and oxygen 
is the same in both, namely, the formation of an ‘oxy- 
genated’ and usually a ‘ hydroxylated ’ molecule. At the 
higher temperatures of flames, however, secondary thermal 
decompositions come into play at an earlier stage, and play 
a more conspicuous part than in slow combustion; but 
there are the strongest reasons for the belief that they do 
not precede the reaction h>ctwccn hydrocarbon and oxygen 
molecules, but arise in consequence thereof. 

In view of the complexities of flames and of the great 
difficulties in following by chemical analysis the course of 
events therein, the most that can be reasonably required 
of any acceptable theory is that in a general way it shall 
enable the main happenings in any particular case to be 
predicted; for it cannot be expected that in all circum- 
stances the combustible molecules will combine with oxy- 
gen in precisely the same way and abnormalities may arise. 
It will suffice, therefore, to show how the normal occur- 
rences are consistent with the theory as already outlined. 

Thermal Decomposition of Alcohols and Aldehydes. It is 
necessary first of all to consider how the various oxygenated 
molecules intermedially formed might be decomposed in 
flames and, although in places our knowledge of such 
pyrolyses is incomplete, generally speaking the available 
information is adequate for the purpose. In particular it 
should be borne in mind (a) that the mode of decomposi- 
tion of such compounds may vary with temperature and 
that the mean temperatures of flames show wide differences 
according as the composition of the explosive mixture con- 
cerned is near one or other of the limits of inflammability 
and also 0 ) that the extent of such decompositions is depen- 
dent upon pressure, a fact which may profoundly influence 
the course and temperature of combustion (see articles 
‘Combustion Phenomena at High Pressures’ (p. 2884) and 
‘Ignition in Gases with Special Reference to Knock 
Problems’ (p. 2958), Article 5, Detonation section. 

Alcohols. At fairly low temperatures the vapours of pri- 
mary alcohols decompose into steam and an unsat urated 
hydrocarbon molecule or residue, but at higher tempera- 
tures into hydrogen and the corresponding aldehydes. In 
intermediate ranges both changes may occur simultane- 
ously, and in flames they are always followed by secondary 
decompositions and/or hydroxylations according to cir- 
cumstances. Thus, for example, one might have: 

CHa-OH primarily resolved into (i) HaC. -l HgO and/or 
(ii) HaC: 04- Ha (—9*3 cal.) followed by secondary resolu- 
tions of the HaC: O into Ha+CO (vide formaldehyde) and 
in favourable circumstances by hydrogenations of HaC: 
residues to CH*. 


C 2 H 5 OH primarily resolved into (i) CaH 4 +HaO(-t *7 cal.) 
and/or (ii) H,+CHa-CHO (- 10 cal.) followed by second- 
ary resolutions of CaH, into CaHj+Hj and/or 2C+2H,, 
and of CHaCHO into CH«+CO and/or CH 2Ha+CO 
(vide acetaldehyde). 

Aldehydes. At temperatures between about 400 and 
600'" C. aldehyde vapours containing one CHO group and 
one or more other carbon atoms are primarily resolved into 
CO and a saturated hydrocarbon; thus with acetaldehyde: 

(i) CHa-CHO- CH4+CO l-2cal. 

With further rising temperature the breakdown becomes 
progressively more complex, tending at very high tempera- 
tures to some such final stage as 

(ii) CHa-CHO - C+2H2 I CO...- 19-8 cal. 

It is important to note (i) that of all the oxygenated mole- 
cules known to be formed in slow combustion, the vapour 
of formaldehyde is pre-eminently that which at all tempera- 
tures in flames decomposes primarily into carbon monoxide 
and hydrogen (perhaps with a trace of methane) without 
any separation of carbon whatever, thus : 

H 2 C :0 HofCO.-.-n 5 cal. 

Glyoxal vapour would probably be resolved at all tem- 
peratures into CO 1 HaC: O and secondarily into 2CO+ Ho, 
also without carbon deposition; but precise knowledge is 
lacking. Whenever the explosion of a hydrocarbon-oxygen 
mixture results in substantially nothing but carbon mon- 
oxide and hydrogen without carbon deposition, an inter- 
mediate formation of formaldehyde or glyoxal or both may 
be inferred. 

Before dealing with the compositions of the explosion 
products as determined by Bone and collaborators [6, 1932; 
11, 1927] it should be stated that the experiments have been 
concerned with gaseous hydrocarbons whose molecules 
contain not more than 4 carbon atoms; for beyond the 
Cj-members conditions get so complex and incalculable 
that the difficulties of chemical interpretation become in- 
superable, owing to the rapidly increasing number of pos- 
sible secondary reactions masking the primary changes. 
Also, from a chemical point of view, most has been learnt 
from explosions of media containing ho more oxygen than 

the O 2 proportion ; when this is exceeded, all that 

can be revealed by chemical analysis is the operation of 
the water-gas reaction C04 OH 2 v- CO 2 + H 2 during the 
cooling period. 

Apart also from deductions drawn from the gaseous 
products of flames and explosions as to their origin in 
intermediate oxygenated bodies, there is no difficulty in 
demonstrating the actual existence of aldehydes in ordinary 
hydrocarbon flames. Bone and Drugman found them in 
the interconal gases when ethylene was burnt in air in a 
modified form of Smithells’ separator as also in the con- 
densed water formed when a steady flame of air (or oxygen) 
was maintained in an atmosphere of hydrocarbon or coal 
gas [ 11 , 1927], Their presence has also been proved in the 
explosion products of hydrocarbons such as ethane and 
ethylene with suitable defect of oxygen. 

Explosions of Methane , Ethane, Ethylene, and Acety- 
lene, each with its own Volume of Oxygen. 

Methane. When a CH 4 -fOa mixture is exploded in a 
glass bulb at atmospheric pressure, there is a sharp bluish 
flame without separation of carbon and some steam con- 
denses on cooling. This result was first observed by John 
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(a) CO 2 = 0 5, CO - 50 0, H* - 47 5, and CH 4 - 2 0% 
with P 2 IP 1 = 1*9,5. 


Dalton [15, 1808], who found (a) the mixture to explode 
‘without any material change in volume’, and (b) after 
removal of small amounts of carbonic anhydride the resi- 
due ‘to possess all the characteristics of equal volumes of 
carbonic oxide and hydrogen’. This result is what might 
have been predicted from the ‘hydroxylation’ theory sup- 
posing a ‘non-stop’ run through the mono- to the di- 
hydroxy stage followed by a complete breakdown of 
formaldehyde into carbon monoxide and hydrogen and a 
subsequent ‘water-gas reaction’ during the cooling, thus: 

CH4-> CHaOH- v CHaCOH)^ 

HaOfHalCiO 

Ha 1^ 

and COH OH 2 ^ CO 2 +H 2 . 

Although at atmospheric pressure methane-oxygen mix- 
tures containing less than 40% of oxygen are non-explosive, 
by sufficiently raising the pressure they become so down 
to about the 70 CH 4 / 3 O 62 proportion; reference to the 
explosion of such media will be found. elsewhere (p. 2892). 

Ethane. The explosion of an equimolecular mixture of 
ethane and oxygen was pointed out by Bone to be crucial 
as between the former idea of a preferential burning of 
the carbon and the ‘hydroxylation’ theory. For whereas, 
according to the former, only carbon monoxide and hydro- 
gen should result, thus : 

CaH^-f-Oa - 2CO 1 3 H 2 , with p^lp^ 2-5, 

the ‘hydroxylation’ theory would require the formation of 
methane, carbon, hydrogen, carbon monoxide, and steam 
with some carbon deposition and a pjpi ratio materially 
less than 2*5, as follows: 

CaHe -> C2H5OH - >CHa>CH(QH)2 

H2O + CH3CHO 

cnTTra 

&c. 

Actually, when exploded in a glass bulb a lurid yellowish- 
red flame fills the vessel, accompanied by a black cloud of 
carbon and considerable condensation of water, which, if 
tested with Schiff* ’s reagent, is found to contain aldehydes. 
The cold gaseous products show a P 2 !pi ratio ~ 1*5, and 
their composition on analysis is found to be as follows: 

CO 2 - 4*2, CO - 33 5, 2 7, CH 4 110 , 

and H 2 = 48-6; 

also about one-sixth of the original carbon is deposited, all 
of which is in conformity with the hydroxylation theory. 
When fired in vessels of different surface/volume ratios, or 
even when detonated in a lead coil, similar results are 
obtained with variations readily attributable to the pecu- 
liarities of temperature, rate of cooling, &c., pertaining to 
each particular case. 

Ethylene and Acetylene. When equimolecular mixtures 
with oxygen of these hydrocarbons are exploded in glass 
bulbs at initial pressures of 500 and 300 mm. respectively, 
in neither case is there any carbon deposition or condensa- 
tion of steam on cooling, which is in striking contrast with 
the behaviour of the C 2 H 4 -f 02 mixture. The pressure of 
the gaseous products is almost doubled with (a) the 
C 2 H 4 +O 2 mixture and increased by nearly 50% with 
(fc) the C 2 H,-}-Oa mixture, the compositions being as 
follows: 


(b) CO 2 - 0-75, CO - 67 0, H 2 - 30-75, and CH 4 
= 1-5% with pJPi -= 1*47. 

While the behaviours of these two hydrocarbons would 
lend apparent support to a preferential burning of carbon, 
the experimental results are just what would be predicted 
from the hydroxylation theory as follows: 

H H 

H 2 C:CH 2 -> H 2 C:CH 0H HO C - C OH 

2H2C:0 

O O 2H2+2CO 

II II 

HC:CH >H C.C H 
C0 + H2C:0 

Perhaps the most significant feature of the experimental 
evidence is that, whereas all the gaseous hydrocarbons of 
the C^Hgrt series (i.e. ethylene, propylene, trimethylene, 
and butylene) on explosion with a proportion of oxygen 
QHaw i njl O 2 always yield substantially carbon monoxide 
and hydrogen only, without any separation of carbon or 
material steam formation as though there had been a pre- 
ferential burning of their carbon in accordance with the 
equation 

C,H2„ K//2 02 - //(COH H 2 ). 

explosions of the corresponding members of the 
or paraffin series (e.g. ethane, propane, butane, &c.), with 
oxygen in the C;,H 2 n +2 I O 2 proportion, all result in 
dense clouds of carbon steam, methane, and oxides of 
carbon, just as with the CoHg f O 2 mixture. 

These results are consistent with the thcoiy which would 
require separation of carbon, and much steam, as well as 
some aldehyde survival in the paraffin explosions, while 
the corresponding olefine explosions are explained on the 
supposition of their substantially involving successive 

eliminations of H-C*OH-=' HjCO (formaldehyde) groups 

which, rapidly decomposing in the flame, yield (as does 
formaldehyde) equal volumes of carbon monoxide and 
hydrogen without carbon separation or steam formation. 

In addition to these experiments which have been speci- 
fically referred to, many others embracing all conditions 
between slow combustion and detonation and at initial 
pressures ranging between one-third of an atmosphere up 
to 50 atm. have all been in accordanec with the hydro- 
xylation theory. 

Ignition Phenomena. 

In order to initiate flame in a mixture of a hydrocarbon 
and air (oxygen) it is necessary that (a) its composition 
should lie within a range of mixtures bounded by lower 
and upper ‘limits of inflammability’ applicable to the 
experimental conditions, and (b) a sufficient volume of it 
should either be raised by the application of some external 
source of heat at least to its ignition temperature or that 
it should be sufficiently energized by an electric spark. The 
phenomena associated with the spontaneous ignition of 
hydrocarbon-air media (but principally at high pressures) 
have been discussed in some detail in another contribution 
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2958), and reference has been made to the low-pressure 
ignition phenomena observed by Neumann and Egorow 
[41, 1932] (pp. 2863-4). Up to the present no compre- 
hensive investigation has been undertaken covering all 
the features of spontaneous ignition of selected explosive 
mixtures over a pressure range extending from very low 
pressures of a few millimetres of mercury up to high pres- 
sures of several atmospheres, and a complete understanding 
of the subject is therefore difhcult. Moreover, so far as w'c 
are aware, in no instances have the media selected for 
investigation at very low pressures corresponded with those 
studied elsewhere at high pressures. In order to clarify the 
position we have prepared a hypothetical diagram (Fig. 10) 
intended to indicate comprehensively the probable be- 
haviour of higher paraffin hydrocarbon-air (oxygen) mix- 
tures, &c., over such a pressure range. 



The left-hand side of the diagram. A, which has been 
drawn to a larger pressure scale than that employed on the 
right, B, is representative of the behaviour found at very 
reduced pressures. Thus the typical explosive mixture 
will ignite spontaneously if admitted to an evacuated 
vessel maintained at, say, 650“ C. if its pressure is not 
less than mm. of mercury. This pressure is frequently 
referred to as the ‘lower explosion limit’. If the pressure 
of admission be further increased, ignition will occur 
with a decreasing time lag (see p. 2863), but at pressures 
above mm. of mercury it will no longer do so. This 
pressure is known as the ‘upper explosion limit’. At 
some still higher pressure pg, located in the high-pressure 
area, B, a third limit is found at pressures above which 
ignition will always occur. It may here be pointed out that 
the term ‘low-pressure explosion limits’ should not be con- 
fused with ‘limits of inflammability’ with which we shall 
shortly deal; a better designation would be ‘low-pressure 
ignition limits’. 

Low-pressure ignition limits have not so far been studied 
extensively with hydrocarbon media and observations have 
been limited to methane and ethane (Neumann and Ego- 
row [41, 1932]; Kowalsky, Tschirkow, and Sadownikow 
[31, 1932]; Neumann and Andrejew [40, 1933]); but the 
phenomenon seems well established with hydrogen, carbon 
monoxide, carbon disulphide, phosphine, &c., and there 
seems no reason to suppose it to be other than general. 
Usually the limits are not observable with mixtures 
outside certain ranges of composition; the ignition-point 
curve is then smooth, as depicted by the dotted line in the 
region A. 


The existence of low-pressure ignition limits has con- 
tributed materially to the development of the theory of 
chain reactions (p. 2861). Thus at pressures below pi it is 
thought that chains are broken by frequent collision with 
the walls of the containing vessel at a rate greater than 
they can be propagated in the gas phase. At Pi the chains 
surviving in the gas phase just exceed those broken on the 
walls, so that a slow reaction is changed very abruptly 
into a very rapid one. This view is supported by the fact 
that addition of an inert gas which would prevent diffusion 
of chains to the walls lowers the limit, whereas a reduc- 
tion in the diameter of the containing vessel which would 
facilitate chain-breaking raises the limit. 

The precise mechanism of the upper ignition limit (pa) is 
not yet entirely agreed upon, but it is generally accepted 
as being due to the incidence of a gas-phase deactivation 
and probably to triple collisions. This is supported by the 
fact that in this case an addition of inert gas to the medium 
narrows the limit. 

Passing to the higher pressure region, B, it is thought 
that with increasing pressure conditions no longer remain 
essentially isothermal, so that with a general preflame rise 
in temperature fresh chains are initiated in the explosive 
medium, and at p^ ignition can again be effected. 

The influence of still further increase in pressure on 
the ignition points seems to depend on the character of 
the hydrocarbons concerned. Curve 1 is representative 
ofthehighcrparaffms.Thenaphthenesyicld similar ignition- 
point curves, but the fall to the 300-400 C. range is not as 
abrupt as is found with the paraffins. The simpler olefines, 
e.g. ethylene, exhibit a smooth curve of the type depicted by 
curve 2, and the ignition points of aromatic hydrocarbons 
are usually higher (curve 3). Generally it seems probable 
that the characteristics of spontaneous ignition under pre.s- 
surc depend upon the nature and speeds of formation and 
further oxidation of products intcrmedially formed in each 
particular case, a matter to which we have already referred 
elsewhere in regard to the paraffins (p. 2968). 

Limits of Inflammability. An inflammable or explosive 
mixture may be defined as one through which flame can be 
propagated independently of, and away from, the original 
source of ignition. With mixtures of any particular com- 
bustible gas or vapour and air (oxygen) there are, under 
given physical conditions, certain limits of composition 
within, but not outside of which, self-propagation of flame 
will lake place after ignition has been effected. These limits 
defined in terms of the percentage of the combustible gas 
present arc usually referred to as the ‘lower’ and ‘upper’ 
limits of inflammability, respectively, of the gas under given 
conditions. For any particular gas, however, they vary 
with the position of the source of ignition, since the pro- 
gress of flame may be assisted or retarded by convection 
currents, according as it has to pass in an upward, hori- 
zontal, or downward direction. Thus, for example, for 
methane-air mixtures, at atmospheric pressure and tern- 

Seas follows':'"’''' directions of propagation 


Direction of Propagation 


Lower limit 
Upper limit 


JJpward I Horizontal I Downward 


5-35 

14-85 


5-40 

13-95 


5-95 

13-35 


In the fohowirig table are given the limits of the principal 
hydrocarbons in air determined by A. G. White [58 1924] 
for upward propagation in a glass tube 7-5 cm. in dimetVr 
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Lower 

Upper 

Methane 

5*35 

14*85 

Ethane 

3*12 

14*95 

Pentane 

1*42 

8*0 

Benzene 

1*41 

7*45 

Toluene 

i 1*27 

6*75 

Ethylene 

! 3 02 

340 

Propylene . 

' 2*18 

9*7 

Butylene 

1*70 

9*0 

Acetylene 

2*60 

80*5 


R. V. Wheeler and collaborators [57, 1918] gave the follow- 
ing figures, the criterion of inflammability being propaga- 
tion of flame through a 2J-litre sphere with central ignition. 

Lower \ Upper 

Methane ... 5*6 j 14-8 

Ethane . . 31 ! 10*7 

Propane ... 2-2 i 7-4 

Butane .... 1*7 |5*7 

Pentane .14 4-5 

Ethylene ... 3 0 220 

Acetylene 3-3 52*3 

Benzene . 1-5 , 5-6 

Toluene 1-4 5-4 

It may be noted in passing that in a homologous series 
the range of inflammability narrows progressively as the 
combustible increases in molecular weight; thus the range 
5 -4-1 4-8% for methane may be contrasted with approxi- 
mately l -2^-2 for hexane. 

Also when endothermic combustibles, e.g. acetylene, are 
considered, the range is very much wider owing to their 
exothermic decomposition in combustion. 

In circumstances where it is possible to propagate cool 
flames of incomplete combustion (vide p. 2868) the upper 
limit may be considerably widened, and with mixtures of 
ethyl ether and air there are at atmospheric pressure two 
ranges of inflammability for horizontal propagation (1*88- 
9-45 and 19 0”34 0 %) separated by a range which will not 
propagate flame, the higher of the two ranges relating to 
‘cool flames’. 

If oxygen be employed as the supporter of combustion 
instead of air the upper limit is also raised appreciably; 
this may be illustrated by the following figures due to 
Terres [11, 1927]: 


Air Oxygen 



I Lower 

Upper ! 

Lower i 

Upper 

Methane 

6*3 

11-9 

i 6-5 , 

51*9 

Ethane . 

. , 4*2 

1 9*5 

i 4*1 ■ 

45-8 

Ethylene 

. i 40 

i 14*0 

1 41 i 

61*8 

Acetylene 

. i 3*5 

i 

1 52*3 

1 3*5 ! 

89-4 


These figures were determined in a burette, 19 mm. in 
diameter, and relate to downward propagation. 

A. G. White [59, 1924] has also shown the influence of tem- 
perature upon the ranges of various gas-air mixtures which 
willpropagateflame downwards in a tube 25 mm. in diameter. 

^ I Methane > Ethylene Acetylene 

Temp. 

C. I Lower Upper i Lower 

17 6-3 12-9 I 3*45 

100 5-95 13-7 ! 3*20 

200 5*50 14*6 2*95 

300 5*10 15*5 i 2*75 

400 4*80 16*6 2*50 

Increase of pressure may also appreciably affect ranges of 
inflammability, a matter to which we have referred elsewhere 
(‘Combustion Phenomena under Pressure’, p. 2887). 


Pressure Development in Explosions of Hydrocarbon- 
Air Media. 

Under ideal conditions the rate of pressure development 
and the magnitude of the maximum pressure in a gaseous 
explosion would always be characteristic of a given mix- 
ture, dependent only on its mode of combustion and the 
initial pressure at which it is fired. Unfortunately it is 
never possible to realize completely such ideal conditions 
because the development of an explosion is influenced by 
the size and shape of the explosion vessel employed, factors 
which also affect the conduction and radiation losses. 
When a gaseous explosive medium is ignited there may 
happen (i) a short ‘induction period’, then (ii) a pressure 
rise up to a certain maximum (‘explosion period’), and 
finally (iii) a ‘cooling period’. Whether or not in any 
particular case the attainment of maximum pressure syn- 
chronizes precisely with the moment when the flame reaches 
(he walls and completely fills the chamber depends so much 
on circumstances that no general rule can be laid down; 
but it seems reasonable to suppose that the faster the 
explosion the more nearly will such synchronization be 
attained, assuming that the chamber be not too large. 
Much depends on the shape of the explosion chamber. 

The general effect of any cooling by conduction during 
the ‘explosion period’ is a lowering of the maximum pres- 
sure (temp.) attained and a tendency to temperature 
gradients in the medium at the moment of maximum pres- 
sure and subsequently during the ‘cooling period’. Such 
cooling influence of the walls in any particular case pro- 
bably varies directly with the surfacc/volume ratio of the 
bomb and inversely with the initial firing pressure; it is 
also materially influenced by the degree of agitation of the 
medium. The principal factor, however, is the duration of 
the ‘explosion period’. 

During the whole of the ‘explosion period’ and well into 
the subsequent ‘cooling period’ the gaseous medium is also 
losing energy by direct ‘radiation’ to the chamber walls 
where absorption occurs unless the surface be polished so 
as to be highly reflecting. Indeed a certain fraction of the 
total energy developed on explosion is always lost to the 
system by radiation and never appears at all as kinetic 
(temperature or pressure) energy in the medium. It is 
estimated that of the total radiation emitted in flames and 
explosions, upwards of 95% is in the infra-red, and this 
has been shown by Julius [30, 1890] to be attributable to 
incipicntly formed (or forming) carbon dioxide and steam 
molecules. Such emission occurs in well-defined bands: in 
the case of carbon dioxide mostly at 4-4 /u., and to a less 
degree at 2*7/i, and with steam mostly at 2-8 fi. 

R. von Helmholtz has given the following figures for the 
relative amounts of radiation per litre of gas burnt, emitted 
by flames of given size, the air-supply in each case being 
adjusted so that the flame was just non-luminous: 

Relative radiation 
per litre 

Hydrogen ..... 74 

Carbon monoxide .177 

Methane ..... 327 

Ethylene 570 

From such figures it would appear that the radiating power 
of a hydrocarbon is due to the number of carbon dioxide 
and steam molecules produced. Thus with methane: 
177-f(2x74) = 325. This aspect of the subject has been 
examined recently by Haslam, Lovell, and Hunneman 
[26, 1925], however, who measured the radiation from 


Upper ] Lower j Upper 

13*7 2*90 550 

14*1 i 2*68 65*0 

14*9 j 2*39 81*0 

17*9 219 
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flames of theoretical mixtures with the aid of methane and 
carbon monoxide, and found that the intensity of radiation 
from steam was 1-7 times that from carbon dioxide; the 
subject therefore needs further exploration. 

Helmholtz took the view that the radiation from such 
flames is due to chemical rather than to thermal cause. 
Paschen and others have maintained that it is purely 
thermal. It seems now generally recognized that, as the 
outcome of the initial encounters between the molecules 
concerned, the radiation emitted is probably of chemical 
origin (chemi-luminescence). After a state of molecular 
equilibrium has been attained, however, it is probably 
controlled by temperature alone. In luminous flames, in 
addition to chemical radiation, there is also that emitted 
by incandescent carbon. This black body radiation obeys 
the Stefan-Boltzmann law and is therefore proportional 
to T^, 

Very little experimental work has been undertaken in 
connexion with conduction and radiation losses from 
flames and explosions of single hydrocarbon-air (oxygen) 
media, but their general quantitative influences may per- 
haps be judged from the following figures due to David 
[16, 1920-5] and Bone and Townend [11, 1927] for a 12-4% 
coal gas-air mixture exploded in a cylindrical explosion 
vessel 12 x 12 in. : 


Relative Heat Losses by Conduction and Radiation in the 
Explosion of a 12'4% Coal Gas- Air Mixture at Atmospheric 
Pressure (David) 


Time after 

Mean gas 

Heat loss expressed as a percentage 
of heat of combustion of coal gas 

sec. 

® Abs. 

Conduction 

Radiation 

Total 

008 

2,050 

(max. temp.) 

5 5 

4-5 

100 

01 

2,030 

6-8 

5*8 

12-6 

0-2 

1,800 

17-4 

130 

30-4 

0-3 

1,610 

250 

17-2 

42-2 

0-5 

1,330 

340 

21-4 

... 

550 


At temperatures below about 900° C. the emission of 
radiation becomes negligible, and cooling is then effected 
solely by conduction. The total radiation loss throughout 
a coal gas-air explosion was found by David to be about 
25%, varying slightly with mixture composition. The loss 
up to the moment of maximum pressure was proportional 
to the product of the third power of the maximum absolute 
temperature attained in the explosion and the time taken 
to attain the maximum pressure. With hydrogen-air mix- 
tures the total radiation loss varied between 8 and 16%. 

Callendar found an emission equivalent to 10-15% of 
the heat of combustion for coal gas-air flames as the dia- 
meter of the burner was increased from 1 to 4 in.; also the 
emission from a mass of radiating gas 1(X) cm. in depth at 
atmospheric pressure was within i% of that from an in- 
finite depth. If the pressure were increased to 20 atm., the 
like emission would be obtained from a depth of 5 cm. 
only. It is clear, therefore, that the radiation loss expressed 
as a percentage of the heat of combustion of the explosive 
mixture tends to become less important in very large explo- 
sion vessels or in explosions at high pressures. 

Enough has been said to emphasize the importance in 
comparing both maximum explosion pressures and the 
times of attainment thereof of taking due consideration of 
the dimensions of the explosion vessel employed in each 
particular case and also of the relative position therein of 
the igniting source. Only where a study of the cooling 
losses has been made and the experimental values corrected 


accordingly can the values for any particular explosive 
mixture determined in one investigation be compared with 
those in another. 

It should here be stated that a large amount of experi- 
mental data relating to explosions of hydrocarbon-air 
(oxygen) mixtures was determined by the French pioneers 
Berthelot and Vieille, and Mallard and Le Chatelier (1880- 
5) and, although much has never been repeated, it may 
now be regarded as mainly of historic interest (sec, how- 
ever, Flame and Combustion in Gases, chapter xix [11, 
1927]). 

In the course of an extensive series of explosion experi- 
ments carried out by R. W. Penning [22, 1924-6] at the 
National Physical Laboratory, the hydrocarbons methane, 
benzene, and hexane, as well as a commercial petrol, were 
investigated. The explosion vessel employed was cylindri- 
cal in shape, being 7 in. in diameter and 8 in. long. It 
could be heated by means of a nichrome wire winding 
mounted on mica so that initial temperatures up to 400° C. 
could be employed. The indicator consisted essentially of 
a solid rimmed plane diaphragm 0 07 in. in thickness and 
1 i in. in diameter, the deflexions of which were transmitted 
to a mirror lever of the Petavel type. Pressure-time records 
were made in the usual way on rapid sensitive paper, the 
moment of sparking being also recorded. 

In Fig. 11 a series of pressure-time records is shown 
illustrating the effect of varying the mixture strength of 
methane-air mixtures between 7-3 and 121% of the com- 
bustible fired at 100^ C. and at an initial pressure of 95 lb. 
per sq. in. 



Fig. 11. Explosion records of mcthanc-air mixtures (Penning). 


The numerical data as to ‘explosion time’ and ‘pressure 
rise’ are best illustrated by the two curves in Fig. 12. 
Mixtures containing from 9-7 to 10-5% of methane gave 
about the same pressure rise on explosion, whereas the 
‘explosion time’ was a minimum in the region of the 9-7% 
mixture. The fastest burning mixture and that developing 
the highest pressure thus contains a small excess over the 
theoretical proportion of the combustible; this result is in 
accord with general experience. 

The respective influences of varying initial pressure and 


Pi»95lb5/sq.in. Ti« 100‘*C, 



% METHANE IN AIR 

Fig. 12. Influence of mixture composition on explosions of 
methane-air mixtures (Penning). 
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temperature were determined with a 9-9% methane-air Explosions of Benzene-^ Hexane-y and Petrol- Air Mixtures 

mixture and the results summarized in the following table: at Ti = 100° C. and Pi = 95 lb. per sq. in. 


Initial 

Initial 

Maximum ^ 


Time of attainment of 
maximum pressure, sec. 

pressure 

pressure j 


— 

-- 

tempera- 

lb. per 

lb. per j 

Pm* 

From 

j From start 

ture, ° C. 

sq. in. 

sq. in. ! 

Pi 1 

spark 

i to rise 

24*7 

30-3 

252 ! 

8-57 

0-0997 

0-0778 

24*6 

530 

446 i 

8-65 

0-1163 

1 0-0963 

100 

38* 1 1 

259 

8-51 

0-0798 

0-0614 

100 

66-7 1 

460 i 

8-62 

0-0933 

0-0812 

100 

{ 950 ! 

660 1 

8-71 

0-1090 

1 0-0918 

200 

48-2 ! 

270 

8-57 

0-0682 

0-0525 

200 

1 84-4 

477 

8-64 

0-0750 

i 0-0669 

200 

1 120-6 ! 

684 

1 8-69 

0-0838 

0-0726 

300 

I 58-2 ! 

273 

1 8-36 

0-0496 

1 0-0405 

300 

i 102-3 

486 

' 8-48 

0-0597 

0-0512 

300 

1 145-9 

701 

8-57 

0-0671 

0-0591 

400 

; 68-5 

282 

8-30 

0-0410 

0-0360 

400 

' 120-1 

495 

8-30 

0 0473 

j 0-0408 

400 

1 171-5 

1 7.9 

1 8-56 

0-0548 

0-0465 


* These values, in order to be comparable among themselves, arc corrected 
as follows: 


Pm~(Pi—Pi corrected), 

Pt corrected 

where Pi corrected ^ the initial pressure corrected to 15° C. 


Raising the initial temperature at a given pressure was 
found to diminish the time required for the attainment of 
maximum pressure, a result which might be anticipated, 
seeing that in such explosions the rate of flame propagation 
probably depends largely upon ‘conduction’ of heat from 
layer to layer of the medium. As regards initial pressure, 
while Fenning’s figures for this particular mixture show 
the ‘explosion times’ to increase with rise in initial pres- 
sure, no general conclusions should be drawn as to the 
influence of pressure as with other mixtures the reverse 
effect is found. We have dealt with this matter elsewhere 
(article, ‘Combustion Phenomena under Pressure’). 

The investigations with benzene, hexane, and petrol were 
undertaken with a view to throwing some possible light on 
‘knock’ in petrol-air engines. First of all a series of experi- 
ments was carried out at an initial temperature of lOO"' C. 
and a pressure of 95 lb. per sq. in. in order to study the 
effect of varying mixture strength in each case. It was 
found that with all three fuels rich mixtures gave rise to 
‘knock’, the intensity of which varied as the air to fuel 
ratio, and the knock appeared to be preceded by high- 
frequency vibrations. 

The relevant data have been summarized in the table in 
the next column. 

The pressure-time records shown in Fig. 13 illustrate the 
effects found with air-petrol mixtures whose air/fuel weight 
ratio varied from 14’8 to 8-9. The violence associated with 
the pressure rise when knock occurs is well brought out 
in the two lowest records. 

It was also found that, whereas on raising the initial 
temperature to 300 ' C. the ‘ knock ’ occurring with rich 
mixtures was suppressed in the case of benzene, it persisted 
in hexane- and petrol-air mixtures. 

With theoretical mixtures of all three fuels the explosion 
time diminished as the initial temperature was raised but 
increased with the initial pressure, the rate of increase with 
pressure decreasing at higher initial temperatures. Raising 
the initial temperature of the theoretical air-petrol and air- 
hexane mixtures led to knock of increasing intensity, the 
defect first appearing at the higher initial pressures and 
extending to lower ones as the initial temperature was 
raised. With the theoretical benzene mixture there was no 
indication of the incidence of knock with increase of initial 
temperature. 


Mixture 
ratio airjfuel 

^ max 

Explosion time, 

by weight 

■^initial 

millisec. 

16-84 

Benzene 

8-28 

105-1 

14-76 

9-00 

73-5 

13-24 

9-50 

59-7 

13-16 

9-50 

59-8 

1206 

9-74 

55-1 

10-7 

9*78 

49-0 

9-15 

Loud knock 


16-91 

Hexane 

i 8-86 

i 91-2 

14-80 

9-48 

! 69-5 

13-97 

9-56 

! 64-0 

13-20 

9-50 

! 58-6 

10-72 

Loud knock 


19-2 

! Petrol 

1 7-74 

175-2 

16-9 

i 8-58 

109-6 

14-8 

! 9-33 

1 78-4 

13-0 

, 9-71 

67-1 

10-7 

Loud knock 
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d-740 


(n 
-D 
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2? 

=3 

CO 
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50 


250 


100 , 150 , 200 

Time (milli-secs) 

EXPLOSION RECORDS OF PETROL- AIR MIXTURES (fENNING) 
Ti-IOOt Pi = 95 Ibs/sq.in. 

AIR/FUEL WEIGHT RATIO: l-l4Bi2“13 0i 3=107, 4=8 9. 


Fig. 13. 


It may also be observed from the previous table that the 
Fmax/Finitiai values are much the same with all three fuels. 
Apart from their respective influences in regard to knock, 
changes of initial temperature and pressure also showed 
similar effects in each case and are best illustrated by the 
graphs (Fig. 14) for a 12 to 1 by weight air-benzene mixture. 
These show the effect on ‘pressure rise’ and ‘explosion’ 
times of increasing the initial pressure from 35 to 150 lb. 
per sq. in. at temperatures of 100^, 200', and 300° C. 

In 1927 G. B. Maxwell and R. V. Wheeler [38] published 
an account of explosion experiments on mixtures with air 
of the paraffins methane, ethane, propane, butane, and 
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pentane, carried out in a 4-litre spherical bomb, ignition 
being effected at the centre of the vessel. 


800 
§ 700 

6 

“ 500 


1 1 

. l.-R«706P-26 
2.-R=55l P~28 

-1 TT 1 

- 

3-R = 441 P-30 > 


300V 





j 1 1 

- 


80 

60 ^ s 

so |X 

40 £ S 
L .. E 


“ 30 50 70 90 no 130 ISO 

P« INITIAL PRESSURE (lBS/SQ.IN.) 

Fig. 14. Influence of initial pressure and temperature on explo- 
sions of a 12 to 1 (by weight) air-benzene mixture (Penning). 


In Fig. 15 curves have been plotted showing the ‘pressure 
rises* (above atmospheric) and the explosion times for each 
of the five paraffins referred to. With each hydrocarbon, 
the mixture giving the maximum pressure contained a small 



% COMBUSTIBLE IN AIR 
k. METHANE ^.ETHANE Z. PROPANE 
Z. butane E. pentane. 

Fig. 15. Influence of mixture composition on explosions of 
paraffin-air mixtures (Maxwell and Wheeler). 


over the theoretical proportion, and the authors confirmed 
the view of Tizard and Pye that the effect is due to a sup- 
pression of dissociation by the presence of an excess of the 
combustible. Another factor should not be lost sight of, 
however, namely, that with explosive mixtures of a com- 
bustible with air, owing to the large dilution with nitrogen, 
the most reactive mixture from the point of view of ‘active 
mass’ contains an excess of combustible; if such a mixture 
burns faster on this account, cooling losses would be 
relatively less and the maximum pressure attained appa- 
rently greater. 

The dotted curves (Fig. 15) show the so-calculated pres- 
sures, from which it may be noted that the difference 
between the observed and calculated values is greatest with 
methane- (9*8%) and least with pentane-air mixtures 
(2-45'].,). The authors discussed in their paper the various 
factors, c.g. conduction and radiation losses, incomplete 
combustion, errors in the values of dissociation constants 
and heat capacities, &c., which may contribute to the 
differences referred to; all these arc matters, however, on 
which our understanding is still incomplete. 

In a later paper Maxwell and Wheeler [38, 1929] de- 
scribed a parallel set of experiments with the olefines ethy- 
lene, propylene, and butylene, the data concerning which 
are shown graphically in Fig. 16. As with the paraflins, 
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% COMBUSTIBLE IN AIR 
A.» ETHYLENE B.= PROPYLENE 
C.= BUTYLENE, 


excess of combustible over the theoretical proportion for 
complete combustion as follows : 

Theoretical mixture Mixture giving 
for complete maximum 

1 combustion pressure 

Methane . i 9-47 10 00 

Ethane . ' 5*64 I 6-30 

Propane . 1 402 4-60 

Butane 31 2 i 3-65 

Pentane . i 2-55 2-95 

The theoretical maximum pressures and temperatures, i.e. 
if there has been no heat loss, were calculated in accordance 
with the method of H. T. Tizard and D. R. Pye [55, 1924] 
which (a) makes an allowance for the dissociation of steam 
and carbon dioxide at the maximum temperature attained 
using N. Bjerrum’s values for the dissociation constants 
and thus introduces a correction for the precise number of 
molecules at Pmaxi and (b) uses M. Pier and N. Bjerrum’s 
values of the mean heat capacities of the explosion pro- 
ducts from 15° C. to T^ax (see Flame and Combustion in 
Gases, chapter xxi [11, 1927]). 

These calculated values also predicted a maximum pres- 
sure for mixtures containing a small excess of combustible 


Fig. 16. Influence of mixture composition on explosions of 
olcfinc-air mixtures (Maxwell and Wheeler). 

there was with each hydrocarbon a marked displacement 
of the maximum pressure mixture from the ‘theoretical’ 
mixture towards mixtures containing excess of hydro- 
carbon. The differences between the theoretical pressures 
calculated according to the method of Tizard and Pye and 
the experimental values were found to be greater than with 
the paraffins, being for the maximum pressure mixtures 
13-6, 16-5, and 14 0 % with ethylene, propylene, and buty- 
lene respectively; the explanation of this, however, again 
remained uncertain owing to the many factors involved. 

In other experiments [39, 1928] in a stainless steel explo- 
sion cylinder 6 in. diam. by 15 in. in length provided with 
a window fitted along one side the authors made photo- 
graphic records of flame movement as well as time-pressure 
records of explosions of certain pentane- and benzene-air 
mixtures. It was found under such conditions that in a 
knocking explosion (cf. Fenning’s pressure-time records), 
as was the case with a 3-3 pentane-air mixture at 2 atm., 
initial pressure combustion was not complete in the flame 
front nor was it continuous behind the flame. It appeared 
as though some impetus was required to complete the 
chemical reaction, and this occurred when a shock wave 
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was produced when the accelerating and vibrating flame 
was arrested at the end of the cylinder (cf. article by R. P. 
Fraser, ‘Flame Movement . . . &c.’, Detonation section, 
p. 2983) the combustion being then completed almost 
instantaneously throughout the cylinder with consequent 
sudden development of pressure. In non-knocking explo- 
sions such as those of benzene-air mixtures or of pentane- 
air mixtures (a) at lower pressures, (h) with an anti-knock 
admixed, or (c) rendered turbulent by means of a fan, the 
combustion was continuous, and completed behind the 
flame front. How far such results are applicable to ‘knock’ 
in internal-combustion engines remains uncertain, but they 
show the importance of bearing in mind the fact that the 
progress of combustion in hydrocarbon flames is not always 
a continuous single-stage process (cf. Article 5, ‘Ignition in 
Gases . . . &c.’, in Detonation section, p. 2958). 

A series of eight papers by S. Brown and collaborators 
published during the years 1925-9 [13] dealt with many 
factors influencing the nature of pressure development in 
explosions of higher hydrocarbon-air media and should be 
consulted by the reader interested in this branch of the 
subject. In particular it was found with hexane-air mix- 
tures that, while raising the initial temperature generally 
effected a speeding up of the rate of pressure development, 
an optimum temperature existed for each mixture above 
which the reverse occurred. 

As regards pressure development the following values 
were found for mixtures with air giving the highest pressure 
for each particular hydrocarbon. The explosion bomb 
employed had a cylindrical cavity 2 75 in. diam. and 7 in. 
long, ignition being eficctcd at the centre and the mixtures 
tired at atmospheric pressure and temperature. 



Afdx. pressure 

Fx plosion time 


Ih. per .sq. in. 

:>cc. 

w-Hcxanc 

675 

00195 

//-Heptane 

655 

00175 

w-Oclane 

668 

00165 

Benzene 

665 

00153 

Toluene 

650 

1 00170 

Xylene 

675 

i 00190 


In the last paper of the scries photographic records were 
reproduced showing the nature of flame movement in 
explosions occurring under engine conditions. From the 
point of view of ‘knock’ such factors were studied as an 
addition of an anti-knock to the medium and the auto- 
ignition of the unbiirnt mixture ahead of the flame by 
means of artificial ‘hot spots’, &c.; general deductions 
were also made in regard to the relation between ‘knock’ 
and both rate of rise pressure and the production of shock 
waves. Other investigations of this character which are 
beyond the immediate scope of our present article were 
those of L. Withrow and T. A. Boyd [60, 1931], C. F. 
Marvin and R. D. Best [37, 1931], and Duchene [18, 1931]. 

The Temperature of Hydrocarbon Flames. 

The only direct methods available of measuring flame 
temperatures, namely, those using platinum resistance 
thermometry or thermojunctions, are unfortunately limited 
to temperatures below the melting-points of the platinum 
or platinum alloys employed. Moreover, such determina- 
tions arc subject to various errors due to radiation and 
conduction losses for which it is difficult to allow. One 
way of applying such corrections, employed by Waggener 
(1896), consists in using a series of thermojunctions of 
wires of diminishing diameters; and, after plotting on 


a curve temperatures against diameters, to extrapolate so 
as to find the temperature at an infinitely small diameter. 
Another method, adopted by Berkebusch (1899), is to pass 
through the couple a known electric current which by 
previous trial in a vacuum has been found to be sufficient 
for the purpose. The investigators referred to limited 
their observations to the temperatures of bunsen coal-gas 
flames, the highest temperatures recorded being 1,770 and 
1,830' C. in the two investigations respectively. 

The principal indirect methods are (q) calculation of the 
temperatures from the pressures developed in gaseous 
explosions, and (b) the spectral line reversal method. The 
first of these has been used extensively, for provided the 
‘explosion time’ is short so that cooling losses are small, 
and also that the composition of the gases at the maximum 
temperature can be estimated accurately (i.e. making due 
allowances for dissociation), Tmax is calculable as follows: 

T ^mdx rp ^ ^ 

J max ■' t inil. '' > 

where min represents the ratio of the number of molecules 
before and after explosion. In the hands of Nernst’s pupils 
M. Pier, N. Bjerrum, Siegel, and Buddc the knowledge of 
so-determined temperatures was employed for the calcula- 
tion of the volumetric heat capacities of the principal di- 
and tri-atomic molecules as well as of the dissociation 
constants of steam and carbon dioxide (sec Flame and 
Combustion in Gases, chapter xxi [11, 1927]). 

The spectral line reversal method was first employed by 
Kurlbaum [32, 1902-3] and later by Fery [23, 1903]. It 
consists in illuminating the flame under observation with 
the salt of an alkali metal. Viewed in a spectrometer bright 
emission lines of the metal vapour employed (if sodium, 
the resonance doublet AA = 0* 5890-0- 5 896/i) arc seen. If 
a source of continuous radiation (e.g. a hot filament) of 
known and alterable temperature is placed behind the 
flame, the lines remain bright so long as the source is 
cooler than the flame; at higher temperatures the lines arc 
reversed and appear dark upon the bright background of 
the continuous emission, and the temperature of reversal 
corresponds with the temperature of the flame. 

In recent years a number of papers on the subject have 
been published by the U.S. Bureau of Mines. In the fol- 
lowing table data relating to a number of typical hydro- 
carbons have been taken from one of them by G. W. Jones, 
B. Lewis, J. B. Friauf, and G. St. J. Perrott [28, 1931]: 


Hydro- 

carbon 

Observed 
max. flame 
temp. ° C. 

% CombiLstihle 
in air at max. 
flame temp. 

Theoreti- 

cal 

mixture 

Calculated 
max. flame 

1 temp. ° C. 

F-thylcne . 


1,975 



6-65-7-00 


6.50 

2,072 

Propylene . 


1,935 



4-45-4-90 


4-45 

' 2,050 

Butylene . 


1,930 



3-35-3-45 


3-35 

, 2,033 

Propane 


1,925 



4-05-4-30 


4-00 

i 1,967 

Isobutane . 


1,900 



3-15-3-25 


3-10 

i L973 

Butane 


1,895 



3-15-340 


3-10 

, 1.973 

Ethane 

! 

1,895 



5-70-5-95 


5-65 

1 1,949 

Natural gas 

j 

1,890 



8-60-9-10 

! 

8-60 

I 1,928 

Methane 

i 

1,880 



9-45-10-10 i 


045 

1 1,918 


In Fig. 17 the curves for methane, ethane, butane, and 
ethylene have been selected as showing the variation of 
flame temperatures with mixture composition. Comment- 
ing on these figures the authors came to the following 
conclusions : 

‘1. As would be anticipated, the flame temperature is 
markedly affected by the proportion of combustible gas 
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in air. The flame temperature increases rapidly, starting 
with a mixture near the lower limit of inflammability 
and reaches a maximum when the mixture contains 
combustible slightly in excess of that necessary to con- 
sume all the oxygen present. The reason for this slight 
shift from a stoichiometric mixture lies in the dissocia- 
tion of the products of combustion at the high tempera- 
tures developed. This is borne out by the calculated 
temperatures (dotted lines. Fig. 17) whose maxima, 
allowing for dissociation, agree well with the observed 
maxima. With further increases in the percentage of the 
combustible the flame temperature again decreases but 
not as sharply as with excess of air. 2. The maximum 
flame temperatures of the gases tested vary from 1,880° 
for methane to 1,975° C. for ethylene; the maximum 
variation among the hydrocarbons is less than 100°. 
3. The maximum flame temperatures of the unsaturated 
hydrocarbons are greater than those of the saturated 
hydrocarbons. 4. In most cases the maximum flame 
temperature occurs over a very narrow range of gas/air 
ratios; a slight change in gas/air ratio at the maximum 
causes a sharp reduction in the flame temperature.’ 



A . METHANE B . ETHANE 
C . BUTANE D. ETHYLENE 

Fig. 17. Flame temperatures of hydrocarbons burning in air 
(Jones, Lewis, Friauf, and Perrott). 

For the method employed and data for heat capacities 
and dissociation constants used in arriving at the calculated 
values the original paper should be consulted. Generally 
the difference between the calculated and observed tem- 
peratures was about 1(X)° for the unsaturated and 40-70° 
for the saturated hydrocarbons (cf. Maxwell and Wheeler’s 
explosion results, p. 2976); the difference being greater 
the hi^er the temperature. The authors considered that, 
assuming the specific heat, &c., data to be reasonably cor- 
rect, the difference between the values could be attributed 
to the radiation losses in each particular case. 

In a later paper (G. W. Jones, B. Lewis, and H. Seaman 
[29, 1931]) flame temperatures of the binary mixtures 
methane-oxygen, methane-hydrogen, and methane-acety- 
lene with air at varying air/gas ratios were determined. 


Addition of oxygen to methane increased the maximum 
flame temperature when burned in air; thus with a 
20 08:80CH4 mixture the maximum flame temperature 
was increased by 5%. When mixtures varying from pure 
methane to pure hydrogen were burned, as the hydrogen 
was increased the maximum flame temperature increased 
only slightly up to about 80% hydrogen, after which it 
increased rapidly. The flame temperatures of methane- 
acetylene mixtures with air were determined with mixtures 
of the two from pure methane to 20% CH4: 80% QH,; 
the maximum temperatures for the different mixtures lie 
almost on a straight line. The addition of small amounts 
of acetylene to pure methane caused a considerable increase 
in the flame temperature. It was impossible to determine 
the flame temperature of pure acetylene in air, but extra- 
polation indicated a maximum temperature of 2,325° C. 

The maximum flame temperatures of all the binary 
mixtures tested showed that the highest temperatures were 
reached when oxygen was slightly in defect. 

It may here be mentioned that flame temperatures of 
acetylene-oxygen and hydrogen-oxygen mixtures have also 
been determined recently by H. H. Lurie and G. W. Sharman 
[35, 1933] using the same method. Maximum tempera- 
tures of 3,4(X)° C. with a 56% O2: 44% C2H2 mixture and 
2,930° C. with a 23% O2: 77% H2 mixture were recorded. 

W. T. David has carried out in recent years [17, 1929-35] 
an extensive investigation into explosion temperatures 
mainly of mixtures with air of carbon monoxide and 
methane, using the platinum resistance method (00005-in. 
platinum-rhodium wire). The temperatures so found were 
frequently much higher than those calculated from pressure 
measurements in the same experiments. 

He has also expressed the view that flame temperatures 
determined by the spectral reversal method are sometimes 
far greater than the true flame temperature (mean mole- 
cular translational energy). Thus with carbon monoxide- 
air mixtures (the data concerning which arc more complete 
than with methane-air mixtures) the spectral method and 
the platinum resistance method yield very nearly the same 
temperatures for mixtures approximating to the theoretical ; 
with other mixtures, however, the two methods yield tem- 
peratures which differ increasingly until when a 52% CO- 
air mixture is reached the difference amounts to as much 
as 4(X)°C. The spectral reversal temperatures measured 
by Ellis and Morgan [21, 1932] over this wide range 
of mixture strength remained roughly constant at rather 
more than 1,900° C., and qualitatively similar results were 
obtained by Loomis and Perrott [34, 1928] and by Griffiths 
and Awbery [25, 1929]. The platinum wire temperatures, 
on the other hand, dropped through this range of mixture 
strengths by more than 400° C., and this is much more in 
accord with what would be expected from calculation. An 
examination of the measurements of Jones, Lewis, and 
Seaman [29, 1931] of various hydrocarbon-air flames shows 
that they are also frequently greater than the calculated 
temperatures, particularly with rich mixtures (cf. curves for 
ethylene-air mixtures. Fig. 17. 
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COMBUSTION PHENOMENA AT HIGH PRESSURES 

By D. M. NEWnr, D.Sc., and D. T. A. TOWNEND, D.Sc. 

Imperial College of Science and Technology 


One of the achievements in chemical technology in recent 
years has been the development of processes and phnt for 
the utilization of high pressure in industrial operations, and 
mention need only be made of new pressure processes for 
the synthesis of methyl alcohol, the hydrogenation of coal, 
and the cracking of petroleum oils to indicate the extent of 
its use and the important results it has accomplished. It is 
proposed in this section to describe some of its applications 
to combustion processes and more particularly to those in 
which hydrocarbons undergo homogeneous oxidation in 
the vapour phase. 

Before doing so, however, it will be well to enumerate 
briefly some of the more important effects which pressure 
may be expected to exert upon the course of such reactions. 
In accordance with the van’t Hoff principle of mobile 
equilibrium, increase of pressure will favour transforma- 
tions which occur with a diminution in volume and will 
hinder those which involve an increase. As a consequence 
there will be a tendency for reactions involving dissociation 
or thermal decomposition to be suppressed. Pressure will 
also increase the absolute amount of chemical change in 
a system by proportionately increasing the frequency of the 
molecular collisions; and, in the case of chain reactions, it 
may increase the velocity by delaying chains reaching the 
walls of the reaction vessel. Other effects associated with 
radiation phenomena will be mentioned later. We may 
therefore anticipate that, whilst the main course of a com- 
bustion will not be materially altered by increasing pres- 
sure, the relative proportions of intermediate compounds 
surviving may change considerably, and secondary reactions 
resulting in ‘condensations’ may also occur. 

Although there is a considerable patent literature dealing 
with slow combustion at high pressures and relating mainly 
to the selective influence of catalysts, it is only recently that 
data upon the homogeneous reaction of the simpler hydro- 
carbons with oxygen have been published, Newitt and col- 
laborators in England have worked with methane, ethane, 
and some of the aromatic hydrocarbons [11, 1932; 12, 
1932; 13, 1933], whilst Frolich and collaborators [16, 1934] 
in America have confined their attention more particularly 
to ‘natural’ gas and the higher paraffin hydrocarbons. 

In the investigations referred to, both static and flow 
methods have been employed with a view to ascertaining 
inter alia the optimum conditions for the isolation in 
quantity of intermediate oxygenated products. Owing to 
the higWy exothermic character of the reactions involved, 
provision has always to be made for dissipating the heat 
liberated so that large increases in temperature may be 
avoided. In small-scale experiments this is usually done 
by diluting the reacting media either with excess of the 
combustible or with some inert gas, and most of the data 
available have been obtained with mixtures containing not 
more than about 20% of oxygen. A brief account will now 
be given of some of the more important results. 

Methane. 

Newitt and Haffner [12, 1932] have studied the slow 
combustion of methane at pressures up to 150 atm., and 


find that whilst in general the characteristic features of the 
low-pressure oxidation are maintained, there are consider- 
able changes in the relative proportions of the various 
intermediate compounds surviving in the products. 

As a typical example we may consider the case of an 
89CH4/IIO2 mixture at 106 atm. undergoing reaction in 
a steel vessel heated to 339° C. On admitting such a mix- 
ture to the previously heated vessel there is an induction 
period of some 14 min. during which no detectable com- 
bination takes place, followed by a reaction period of 
22 min. during which all the available oxygen is used up. 
Analysis of samples taken at periodic intervals during the 
experiment shows that both methyl alcohol and formalde- 
hyde are present in traces towards the end of the induction 
period and gradually accumulate in the system, but whereas 
the concentration of the alcohol continues to increase as 
long as any free oxygen remains, that of the formaldehyde 
reaches a maximum when reaction is about two- thirds 
complete and thereafter diminishes. The two oxides of 
carbon and steam are found at an early stage and accu- 
mulate in the system as reaction proceeds. 

On increasing the reaction temperature, pressure being 
maintained constant, both the induction and reaction 
periods progressively decrease until eventually at a suffi- 
ciently high temperature instantaneous ignition occurs, 
accompanied by copious carbon deposition. The amounts 
of alcohol and formaldehyde surviving in the products at 
first increase with reaction velocity, reach a maximum 
value, and then diminish, as shown by the following figures : 


Reaction j 

temperature, ■ 
° C. 1 

Products as percentage of j 

methane burnt j 

Ratio CO/COj 
in gaseous 
products 

CHjOH ! 

HCHO 1 

336 

101 i 

0-30 

005 

339 

141 1 

0-36 ' 

001 

341 

22-3 

0-75 

1-5 

343 

200 1 

0-93 

10 

352 

9-8 

0-95 

3-9 

355 1 

3-8 

traces 

4-2 


Under the given experimental conditions, therefore, there 
would appear to be an optimum rate of reaction favourable 
to the survival of intermediate products. 

The effect of increase of pressure in altering the relative 
proportion of the products is shown by the data given in 
Table I. It should be noted that at each pressure the 
reaction temperature has been chosen with a view to giving 
the optimum reaction velocity for their survival. In these 
circumstances the amount of methyl alcohol found increases 
progressively with pressure, whilst the corresponding figure 
for formaldehyde shows a tendency towards a maximum 
value at about 40 atm. 

By carrying out pressure oxidations in a flow system and 
regulating the rate of flow through the heated zone, oxida- 
tion can be partially arrested at an early stage and the 
initially formed products isolated in quantity [14, 1934]. 
In this way it has been found that with a very dilute mixture 
(CH4 = 90, O2 == 3, Na = 7) at 50 atm. and 430° C. as 
much as 51 % of the methane burnt is recoverable in the 
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Table I 

The Effect of Pressure upon the Survival of Methyl Alcohol 
and Formaldehyde in the Products of the Oxidation 
of an 81 CH 4 -h 08 Medium {Newitt and Haffner) 


Initial 

pressure^ 

atm. 

Reaction 
temperature^ '■ 
^ C. 

Products as percentage 
of methane burnt 

Ratio CO/CO, 
in gaseous 
products 

CH.OH 

HCHO 

10 

400 

1-1 

nil 

0-06 

25 

385 

4-8 

0-66 

0-15 

40 

372 

6-1 

1-20 

0-05 

48 

373 

13-7 

0-8 I 

0-35 

106-4 

341 

22-3 

0-75 ! 


149 

341 

19-0 

0-60 

I 0-08 


products as methyl alcohol. The effect of altering the rate 
of flow whilst maintaining the pressure and temperature 
approximately constant is shown by the following data: 


Initial 

mixture 

Reaction 

temperature^ 

°C. 

Duration 

of 

heating^ 

sec. 

Percentage of methane 
burnt surviving as 

CH,OH 

HCHO 

CH 4 - 90 

435 

5 

i 51 

4-1 

0,-3 

435 

7 

1 49 

3-2 

N,- 7 

425 

10 

1 43 

3-2 


428 

20 

12 

2-2 


It is important to note that the ratio CHaOHrH-CHO 
increases with the velocity, a result that lends support to 
the view that methyl alcohol is the initial product of the 
oxidation. In applying the flow method on an industrial 
scale it would probably be necessary to use a circulating 
system in which the condensable products would be re- 
newed during each cycle and sufficient oxygen (or oxygen- 
containing gas) and hydrocarbons added to compensate 
for that used up. The disadvantage of the method is the 
gradual dilution of the reacting mixture with the gaseous 
products of combustion and other inert gases and the con- 
sequent falling off in yield. As an indication of the effect 
of diluents a comparative series of oxidations in which a 
2 CH 4 -f O 2 mixture was diluted with (a) excess of the com- 
bustible, (b) excess of one of the products of combustion, 
steam or carbon dioxide, and (r) excess of nitrogen, the 
total pressure of the reacting medium being 50 atm., gave 
the following results : 


Initial 
mixture 
2 CH 4 + O, 
plus 

1 

Reaction 

temperature, 

® C. 

i 

Time of , 
reaction, 
min. i 

Amounts of CH 5 OH 
; and H -CHO surviving 
in products: c.c, at 
N.T.P. 

CH,OH 

HCHO 

6-5 CH 4 

397 

1 

80 

1 4-6 

6 5 CO, 

390 

8 ! 

50 

1 3-0 

6 5 H,0 

400 

2 i 

43 

! 1-6 

6-5 N, 

397 

16 ! 

48 

2-7 


The action of the inert diluents is generally to slow down 
the rate of reaction, nitrogen being the most effective, and 
also to diminish the amounts of methyl alcohol and formal- 
dehyde surviving. 

Ethane. 

The data relating to methane as representative of the 
paraffin hydrocarbons has been given in some detail. 
Ethane shows similar characteristics, although its com- 
bustion involves a greater number of intermediate stages 
and a more complex series of products. It oxidizes with 
greater ease than does methane, giving alcohols, aldehydes, 
acids, steam, and the two oxides of carbon in proportions 
which vary both with pressure and temperature [11, 1932]. 

As with methane, there appears to be an optimum rate 
of reaction for the survival of the initially formed products 
(alcohols, aldehydes, and acids). Thuswith an88CjHe/120a 
mixture at 100 atm. pressure the effect of increasing the 
reaction temperature from 262-2°, at which combination 
takes place comparatively slowly, to 278-0° is shown by the 
data in Table II. 

Attention may be drawn to certain features of these 
results which are of interest in connexion with the mechan- 
ism of the combustion. According to the hydroxylation 
theory, the initial stages of oxidation follow the sequence 

CHa -CHs-v CHa CHaOH-^ CHaCHO-^ CH 3 COOH. 

The survival of comparatively large quantities of acetic 
acid in the products from low-temperature oxidations 
would suggest that it is more resistant to oxidation than 
is acetaldehyde and therefore tends to accumulate in the 
system. At higher temperatures the rate of thermal decom- 
position of acetaldehyde would appear to exceed that of 
its oxidation to the acid, with the result that the concentra- 
tion of the latter diminishes and the products of the decom- 
position of the aldehyde (methane and carbon monoxide) 
appears in increasing quantities. As the stability of the 
aldehyde would presumably be increased by pressure, the 
conditions favourable to the production of acid should be 
high pressure and comparatively low reaction rates. 

The effect of pressure upon the relative proportion of 
the various intermediate products surviving is shown by the 
data contained in Table III. It should be noted that the 
temperatures of reaction have been progressively lowered 
with increasing pressure, so that the rates of reaction are 
approximately constant throughout. 

On carrying out the reaction by a continuous flow method 
[14, 1934] in such wise that the reaction medium is sub- 
jected to heat for a short period only and is immediately 
cooled, it is possible partially to arrest the oxidation so 
that the initial products are found in large quantities. Thus 
when a CgHe = 90, O 2 — 3, Nj = 7% mixture at 50 atm. 
pressure is passed through a tube heated to 360° C. at such 


Table II 


Reaction Products of an 88 C 2 H 4 /I 2 O 2 Medium at 100 Atm. and Temperature between 2622 and 2780° C. 


Initial 

temp., 

®C. 

Duration of 

Percentage of the carbon of the ethane burnt appearing as 

Total carbon so 
accounted for, % 

Induction, 

min. 

Reaction, 

min. 

C,H,OH 

CH,OH 1 

CH.CHO 1 

X 

h 

X 

0 

CHjCOOH 

H-COOH 

CO 

d 

CH 4 

262-2 

25-0 

15-0 

22-6 

10-5 

6-2 

0-04 

27-2 

0-8 

8-9 

19-2 

20 

97-44 

265-0 

21-0 

13-0 

21-8 

12-5 1 

6-6 

0-08 1 

22-4 

0-7 

18-8 

15 9 


99-88 

266-5 

23-5 

11-0 

23-7 

11-2 I 

6-0 

0-05 

23-8 

0-6 

9-3 ' 

14-2 

8-6 

97-45 

270-5 

12-0 

4-5 

23-6 

14-0 

9-7 

0-05 

12-5 

0-5 

22-4 

8-7 

8-6 

100-05 

275-0 

5-75 

2-75 

16-5 

13-1 

6-8 

0-10 

4-9 

0-3 

37-2 

5-1 

16-1 

100-10 

278-0 

4-0 

1-25 

14-6 

15-4 

11-1 

0-60 

2-2 

0-3 

37-6 

2-8 

14-3 

98-90 
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Table III 

The Effect of Initial Pressure on the Survival of Intermediate 
Products from the Reaction of an 88-4C2H6/1 1-602 
Medium (Mewitt and Bloch) 


Percentage of the carbon of the 
ethane burnt surviving as 


Initial 

pressure^ 

atm. 

Reac. 

temp., 

“C. 

Duration 
of reac., 

1 min. 

1 1 SC 

i 0 

1 E ■ f i 

0 

X 

u 1 

X ' 

_u_ 

0 1 

X 

HOOD'HD 

' X 1 

i 8 ! 

u 

!__x 

j Total 

1 condensable 
j • products, 

! A 

*5 i 

1 315 

3-0 

16-0 ; 19-4 i 

1-9 


1 nil 

nil 

41-8 

50 , 

! 294 , 

3-25 1 

' 17-2 , 14-1 i 

1 ^‘2 

1-9 

! nil 

0-7 

39-1 

75 1 

279 

2-5 1 

18-0 i 16-6 ' 

6-8 

; 0-4 

1 

0-6 

1 46-0 

100 

270-5 

4-5 

23-6 ! 14*0 ! 

1 9-7 

01 

12-5 

0-5 

1 50-4 


a rate that the duration of heating is only 4 sec., the com- 
position of the products expressed as percentages of the 
carbon of the ethane burnt is as follows: 

C 2 H 5 OH = 62 6 , CH 3 CHO - 4 8 , CHaCOOH -- 11 , 
CH 4 - 9 3, CO - 9 2, CO 2 - 4 7%. 

In this experiment about three-quarters of the ethane burnt 
appears in the products as ethyl alcohol, acetaldehyde, and 
the product of the thermal decomposition of the aldehyde. 

Propane, Butane, Pentane, &c. 

Although similar detailed results for the higher paraffins 
are not available, Wiezerich and Frolich [16, 1934] have 
published an account of work on a semi-commercial scale, 
together with relevant data relating to control laboratory 
experiments with propane, butane, and pentane. 

They find the principal condensable products of pressure 
oxidation are alcohols, aldehydes, and acids in proportions 
depending upon pressure, temperature, and time of heating. 
Thus in the case of /i-butane-air/or oxygen mixtures con- 
taining 6-2 mols % of oxygen, the following results were 
obtained : 


Oxidizing gas 

Air 

Oxygen 

Mols % of oxygen in inlet gas . . . 

6-2 

6-4 

Pressure, atm 

160 

140 

Reaction temperature, ® C 

410 

281 

Percentage of oxygen converted to alcohols 
(methyl, ethyl, propyl; ratio about 1:2:3) 

21-9 

18-6 

Butyl alcohol 1 

1 1-5 

1-0 

Acetic acid 

: 8-7 

11-2 

Aldehydes ...... 

1 

16-4 

Water 

18-5 

21 0 

Gaseous products 

37-8 

29-5 


By varying the pressure it was found that low pressure 
favoured the survival of the lower alcohols and acids, and 
high pressures the higher alcohols and aldehyde. 

Attempts were also made to obtain increased yields of 
acids by employing a circulatory system, in which the acids 
were removed during each cycle, and the remaining pro- 
ducts, together with the unchanged hydrocarbon, recir- 
culated. In one such experiment liquid propane (containing 
3-7 % of ethane and 3-7 % of higher hydrocarbons) was 
saturated with air at 133 atm. and was then passed suc- 
cessively through a preheater maintained at 175° C. and 
a reactor immersed in a lead bath at 400° C. From the 
reactor the products passed through a system of condensers 
and separators in which the acid and permanent gases were 
removed, the remaining products and unchanged propane 
being returned to the air saturator. 

The yields, expressed in litres per 1,000 litres of propane 
per pass, were as follows: 


Litres 


Acetic acid . . .1-5 

Formic acid . . . .1-1 

Intermediate products remaining 
in system after run . . .80 

Formaldehyde . . . .0-4 

Propane lost as CO, and CO . 7 0 

Water 9*5 


At the end of 3 *3 days of continuous operation the propane 
contained only 7% of non-acidic products. About 80% of 
the total intermediate products remained undissolved in the 
propane and consisted mainly of methyl and ethyl alcohols 
and acetone. Of the total acids made, 46% by volume was 
formic acid, whilst acids higher than acetic acid increased 
from 9% by volume of total acids to above 14% towards 
the end of the run. 

There is little or no evidence to show that catalysts have 
any selective action in respect of the intermediate reactions 
occurring during the combustion of the paraffins. The 
known oxidation catalysts in most cases carry combustion 
through to the later stages where gaseous products pre- 
dominate, or they accelerate the thermal decomposition of 
intermediate products with the same result. Whilst, there- 
fore, the possible advantages arising from a suitably cata- 
lysed combustion must not be overlooked, experimental 
evidence so far indicates that quite satisfactory results may 
be obtained without their intervention. 

Slow Combustion of the Aromatic Hydrocarbons 

With the exception of benzene, the homogeneous slow 
combustion of the aromatic hydrocarbons has not been 
extensively investigated. In general, however, reaction ap- 
pears to proceed by a ‘chain’ mechanism [ 9 , 1930], and 
during the initial stages oxygen enters both the nucleus 
and the side-chains, giving rise in the former case to phe- 
nolic compounds, and in the latter to aromatic alcohols, 
aldehydes, and acids. As combustion proceeds a point is 
reached at which the ring structure breaks, giving a com- 
plex series of products including maleic acid, formic acid, 
the oxides of carbon and steam. 

Benzene. 

At atmospheric pressure benzene reacts with oxygen at 
a conveniently measurable rate at temperatures of about 
500° C., the final products consisting principally of the two 
oxides of carbon and steam and a small residue of methane 
[9, 1930]. In a silica or porcelain vessel the reaction is 
predominantly homogeneous, its rate varying according to 
a high power of the benzene concentration. When the 
benzene-oxygen mixture is first admitted to the reaction 
vessel there is an interval during which the pressure in- 
creases only very slowly, although oxygen is being used up 
and carbon monoxide formed. This cannot be regarded as 
a true induction period, but probably results from the 
formation with contraction in volume of some intermediate 
oxygenated product sufficient in quantity to compensate 
for the rise of pressure accompanying the formation of 
oxides of carbon. It is succeeded by a period of rapid 
pressure rise, during which reaction proceeds to completion. 

For a given ratio of benzene to oxygen the rate of oxida- 
tion increases rapidly with the pressure. Thus Fort and 
Hinshelwood [9, 1930] find that for a C^UJO^ = 1/3 mix- 
ture the times for the pressure to increase from 20 to 60% 
of the total increase corresponding to complete reaction 
are as follows: 
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Times for increase from 
Total pressure, 20 to 60 %, 
mm. min. 

400 5-5 

300 9-6 

200 38-4 

The ‘order of reaction’ calculated from these figures 
varies from 3 to upwards of 4; and since it cannot be sup- 
posed that three or four molecule collisions are necessary 
for reaction, the probability is that a chain mechanism is 
involved. 

At high pressures oxidation proceeds smoothly with no 
induction period and, provided the temperature is con- 
trolled, with no liberation of carbon or tar formation. In 
the absence of catalysts the principal products are phenol, 
the oxides of carbon and steam, together with traces of 
hydroquinone, quinone, maleic acid, and formaldehyde. 

Some rupture of the ring always occurs, although in 
certain circumstances the greater part of the oxygen ured 
survives as phenol and other hydroxy compounds. It 
would appear from a consideration of the available data 
that the earlier stages of the process involves successive 
hydroxylations, somewhat as follows: 



OH OH II 

O 


The conditions most favourable to the survival of these 
products, and in particular of phenol, are (^?) a reacting 
medium containing a large excess of the hydrocarbon, 
(b) a pressure of 50 atm. and upwards, and (c) a tempera- 
ture sufficiently high to give rapid but flameless combus- 
tion. Thus, for example, with a 40C8H<,/10 air mixture at 
50 atm., reacting in a closed steel vessel at STO"" C., 53-3% 
of the benzene oxidized was recovered as phenol, the 
balance consisting largely of the oxides of carbon. 

Toluene. 

The presence of a side-chain in the nucleus facilitates 
oxidation, but also gives rise to complications due to its 
simultaneous oxidation with the nucleus. Thus in the case 
of toluene Newitt and Szego [13, 1933] have found that 
benzyl alcohol, benzaldehyde, and benzoic acid are formed 
as the result of side-chain oxidations, together with 2 4 di- 
hydroxy toluene and other aromatic hydroxy derivatives. 

Toluene differs from benzene in that there is a well- 
defined induction period preceding reaction and it is easier 
to control the subsequent oxidation so as to produce con- 
siderable quantities of one or other of the intermediate 
products. High pressure, together with excess of the hydro- 
carbon, for example, is found to favour the survival of the 
alcohol, whilst a progressive increase in the oxygen con- 
centration causes the reaction to proceed at first mainly to 
the aldehyde stage and then to benzoic acid. By careful 
control it is found possible, even in a static system, to 
obtain yields of aromatic derivatives representing upwards 
of 70% of the toluene consumed. 

The foregoing account will perhaps suffice to indicate 
some of the potential applications of pressure oxidation. 
Of the hydrocarbons specifically mentioned, the paraffins 
occur in vast quantity in ‘natural gas’, in the gases evolved 


during oil-cracking, and in the products of the anaerobic 
fermentation of sewage sludge; to a large extent they arc 
now considered a waste product or are utilized unecono- 
mically as fuel for power-raising purposes. 

In some few instances large-scale oxidation processes are 
in operation, but generally speaking the technical diffi- 
culties involved have hindered development [16, 1934], It 
will be apparent from the work described that the problem 
is essentially one of adequate temperature control, for the 
reactions involved are generally highly exothermic and 
large quantities of heat have to be removed by suitable 
heat exchange or otherwise. On the other hand, a well- 
balanced plant should be practically self-supporting, the 
heat evolved providing all the power requirements of the 
process. 

Explosion Phenomena at High Pressures 

The influences operative in high-pressure explosions may 
be summarized as follows [3, 1930]: 

(1) An increase in the density of an explosive medium 
generally increases the absolute amount of chemical change 
in a given volume per second on explosion; and, if such 
increased rate of combustion is proportionately 
greater than the increased density of the 
medium, the ‘ explosion time ’ for any particular 
enclosure is diminished. Such is the usual. 
Ring rupture though not the invariable, effect for initial 
pressures up to 200 atm., carbon monoxide-air 
explosions being notable exceptions. 

(2) For any given enclosure the relative heat 
losses become less, and consequently the 
maximum temperature becomes greater, as the density of 
the medium increases. 

(3) While pressure by itself diminishes ‘dissociation’ in 
any particular case, an increase in the maximum tempera- 
ture consequent upon higher pressure has an opposite 
effect, so that what is actually observed is the resultant of 
the two effects. In carbon monoxide-air explosions the two 
effects seem hardly to balance, but in hydrogen-air explo- 
sions the pressure outweighs the temperature effect. 

(4) So far as our present knowledge extends, an increase 
of pressure generally widens the limits of explosion of a 
given combustible gas and air mixture, carbon monoxide 
again being a notable exception. 

(5) An increase in the density of the medium may affect 
both the emission and absorption of radiant energy during 
an explosion; and as radiation is known to play an im- 
portant role in ‘activating’ or ‘exciting’ molecules, reac- 
tions may become prominent in high-pressure explosions 
which are hardly noticeable at lower pressures. 

The Effect of Pressure upon the Limits 
of Inflammability 

In so far as pressure may influence the rate of reaction 
of a combustible gas-air or oxygen medium and/or the rate 
at which heat is transmitted through such medium by con- 
duction, convection, or radiation, it will constitute one of 
the factors determining the limits of inflammability. The 
magnitude of its effect is found to vary considerably with 
the nature of the combustible gas, but in general the upper 
limit is widened by increase of pressure, whilst the lower 
limit is not much affected. The actual experimental values 
depend to such an extent upon the method of ignition, the 
shape and size of the vessel employed, and the direction 
of flame propagation that close agreement between the 
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results of dilfcrcnt experimenters can hardly be expected. 
It will nevertheless be useful to tabulate such data as is 
available in some typical instance with a view to con- 
trasting the behaviour of a few representative gases and 
vapours. 

Hydrogen in Air. 

Two independent series of observations have been made 
with the gas. Berl and Werner [2, 1927] determined the 
limits for downward propagation in a cylindrical steel 
vessel, ignition being effected by means of an electric spark, 
with the following results: 


Pressure^ 

atm. 

i Percentage H* 

in limit mixture* 

Lower 

Upper 

1 

60 

590 

20 

90 

650 

40 

10-7 

67-2 

60 

9-5 

71 0 

100 

8*8 

72-5 

200 

8-4 

740 


• Values taken from published curves. 


Bone, Newitt, and Smith [5-6, 1928] measured the limits 
for horizontal propagation (a) in a cylindrical steel vessel 
42 in. long and 2 in. diameter, and (b) a spherical steel 
bomb 3 in. in diameter. The mixtures were ignited by 
means of a heated platinum wire and the limits were deter- 
mined by direct observation of the flame (at the lower 
pressures) or by chemical analysis of the products of com- 
bustion. The values obtained are tabulated below: 


Pressure, 

atm. 

Percentage H, 

in limit mixture 

Lower | 

Upper 

1 

9-9 


5 

9-9 

68-4 

10 

100+ 

68-5 + 

30 

100+ 

71-9 

50 

100 

73-3 

75 

9-9 

74-2 + 

125 

9-9 

74-8 + 


The 4- sign denotes that the figure in question is probably 
fractionally lower than the true value. 

It will be noticed that in both series there is a slight 
tendency for the hydrogen content of the lower limit mix- 
tures to reach a maximum between about 10 and 40 atm., 
although the range of inflammability increases with pres- 
sure throughout. The same effect is observed with other 
gases and is particularly marked with hydrocarbons. 

Carbon Monoxide in Air. 

Carbon monoxide presents an unusual feature in that the 
range of inflammability in air contracts with increasing 
pressure in such a way as to suggest that at a sufficiently 
high pressure combustion would not take place at all. 
Thus between 1 and 125 atm. there is a contraction of 
upwards of 45%. The following values are for horizontal 
propagation in a spherical steel vessel 3 in. in diameter. 


Pressure, 

1 Percentage CO in limit mixture 

atm. 

Lower ! 

1 Upper 

1 

14-2 

71 0 

5 

15-4 

i 67-5 

10 

17-8 

62-8 

30 

20-3 

58*8 

50 

20-6 

56-8 

125 

20*7 ! 

51-6 


A similar effect is found when the nitrogen of the air is 
replaced by an inert gas such as argon or helium. Thus 
with ‘argon-air’ the values at 10 and 50 atm. are: 


Pressure, j 

Percentage CO in 

limit mixture 

atm. 

Lower 1 

Upper 

100 

140 

660 

500 

15-3 1 

60-4 


The reason for this unusual behaviour has been traced in 
part to the progressive diminution in humidity of the re- 
acting medium with increase of pressure; for, as is well 
known, the rate of slow combustion of carbon monoxide 
is very sensitive to the hygroscopic state of the medium, 
and any alteration might well produce a considerable effect, 
particularly in view of the critical conditions which prevail 
at the limit. 

When experiments are carried out under such conditions 
that the humidity of the medium can be maintained at 
some constant high value, it is found that the range of 
inflammability is almost independent of pressure. Thus 
with carbon monoxide-air mixtures, 80% saturated at 
100° C., the following values for the limits were found 
(Bone, Newitt, and Smith [6, 1928]): 


Pressure, 

atm. 

Hygroscopic 
condition of mixture 

Percentage CO 
in limit mixture 

Range of 
inflammability 
(U-L) 

Lower 

Upper 

32-2 

‘Dry’ and at 100^ C. 
80% saturated at 

181 

62-7 

44-6 


100° C. 

15-7 

65*7 

600 

64-4 

‘Dry’ and at 100° C. 
80% saturated at 

18-9 

59*3 

404 


100° C. 

166 

1 66-7 

50- 1 


It can be seen that not only is the range of inflammability 
for a constant humidity condition unaffected by pressure, 
but that the limits at any particular pressure widen with 
increase of humidity. 

Methane in Air. 

The curves in Fig. 1 showing the variation of the upper 
and lower limits of downward propagation with pressure 
present several features of interest [1, 1929]. In the first 
place it should be noted that for certain weak hydrocarbon- 
air mixtures there are two lower limits. Thus, for example, 
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a 7-5% methane mixture would propagate flame below 25 
and above 50 atm., but not at intervening pressures. A 
similar, but not so marked, effect occurs at the upper limit. 
The upper limit also shows a remarkable variation with 
pressure increasing from 1 3 % at atmospheric pressure to 
47%, approximately, at 400 atm. 

For horizontal propagation in a 3-in. steel sphere a 
similar general widening of the explosion range is observed, 
although the evidence for the existence of two lower and 
upper limits for certain mixtures is not decisive. Below 
arc given values for the limits between 1 and 125 atm.: 


Pressure, 

atm. 

Percentage methane in limit 
mixture 

Lower 

Upper 

1 

5-6 

143 

5 

5-7 

16*4 

10 

60 

17H 

30 

1 5-9 

24-6-f 

50 

5-4 

29•0^* 

125 

1 5-7 

45-5 + 


Ethylene in Air. 

Ethylene behaves in a similar way to methane, the range 
of inflammability increasing with pressure, particularly as 
regards the upper limit [1, 1929]. Also, for certain weak 
mixtures containing between 2*5 and 6% of ethylene, 
approximately, there arc two distinct limits defined by the 
pressure of the system. The data for downward propaga- 
tion in a cylindrical steel vessel are as follows : 


Pressure, 

atm. 

Percentage ethylene in limit 
mixture* 

Lower 

1 Upper 

1 

2-5 

1 140 

10 

40 

1 280 

25 

60 

1 480 

80 

3-9 

’ 620 

160 

1-8 

i 69-5 

320 

10 

' 70-5 


♦ Read from published curves. 


Liquid Hydrocarbons in Air. 

The limits of explosion for the higher (liquid) hydro- 
carbon-air mixtures depend not only upon the temperature 
and total pressure of the system, but also upon 
the vapour pressure of the combustible [1, 

1 929] . If, for example, the total pressures and 
temperatures corresponding to limiting satu- 
rated hydrocarbon-air mixtures are plotted 
graphically, two curves similar to those illus- 
trated in Fig. 2 (which relate to benzcnc-air 
mixtures) are obtained. They show, inter alia, 
that at low temperatures the effect of increas- 
ing the total pressure is so to alter the compo- 
sition of the medium as to give an upper and 
lower limit mixture within a comparatively 
small pressure range. At high temperatures, 
on the other hand, the vapour pressure of the 
combustible is so large that whilst the upper 
limit can easily be determined, it requires 
exceedingly high pressures to reach the lower 
limit. 

To express the limits in terms of the hydro- 
carbon content of the mixture and the pressure 


a diagram such as Fig. 3 is required. In it are shown {a) 
the saturation curves for benzene vapour in air at various 
temperatures and pressures, and (6) two curves giving the 
upper and lower limits as derived from the curves in Fig. 2. 



Fig. 2. 





Fig. 4, 
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At any given temperature, therefore, the range of inflam- 
mability is defined by the two limit curves and the 
corresponding saturated vapour curve. 

The higher (liquid) paraffin hydrocarbons, whilst ex- 
hibiting the same general behaviour as benzene, differ from 
it in that at low temperatures there are two pressure limits. 
Thus in the case of hexane (Fig. 4) a saturated hexane-air 
mixture at 20° C. would propagate flame between 1 and 
10 atm. approximately, and above 130 atm., but not at 
intervening pressures. The explanation of this phenomenon 
is not at present clear, although it would appear to be 
related in some way to the changes in the spontaneous 
ignition temperature of the hydrocarbons with pressure 
(see Ignition Temperature with Special Reference, &c.). 


The Effect of Pressure upon the Explosion of Theoretical 
Hydrogen-air and Carbon Monoxide-air Mixtures 

When comparatively rich combustible-gas-air mixtures 
at high initial pressures are exploded in a closed vessel the 
resulting combination of high temperature and pressure 
gives rise to phenomena of considerable interest. The pro- 
gress of such explosions is usually followed by continuous 
pressure-time records which afford information as to the 
rate of reaction and the distribution of energy both during 
explosion and the subsequent cooling period; it is also 
possible to calculate therefrom the maximum temperatures 
attained, the extent of dissociation of the gases at maxi- 
mum pressure, and (on certain assumptions) the mean 
molecular heat capacities of the individual gases present. 

In analysing the records, however, certain ‘corrections’ 
incident to the use of pressure have to be applied to the 
experimental data. These may be summarized as follows 
[7, 1929]: (i) the observed initial pressure of the explosive 
mixture {Pi), the maximum explosion pressure (Pm)^ and 
the pressure of the cold products (Pf) require a ‘compres- 
sibility’ correction for deviations from the gas laws; 
(ii) whenever the time for the attainment of maximum 
pressure (/;„) exceeds about 0 005 sec. a cooling correction 
is applied to P„ to compensate for the loss of heat by 
radiation, combustion, and convection during the explo- 
sion period; (iii) in calculating the maximum temperature 
actually attained in an explosion {T„), due allowance must 
be made for the change in the number of molecules in the 
medium at P^ as compared with Pf. If P„b and Pfb denote 
the values of the maximum and initial pressures respec- 
tively, corrected for deviation from the gas laws, m the 
number of molecules present before explosion, and n the 
number at maximum pressure, then the mean maximum 
temperature attained during the explosion will be given by 


Tm 


Pmb . , m 

Pib n ’ 


where Tf is the initial temperature of the explosive medium. 

In the course of a comprehensive investigation into the 
effect of pressure upon gaseous explosions generally. Bone, 
Newitt, and Townend have dealt at length with the methods 
of applying these corrections to the observed experimental 
results [7, 1929], and reference should be made to their 
papers for further particulars. They also describe suitable 
types of equipment and recording instruments for carrying 
out such experiments; briefly, the apparatus consists of 
(a) a filling system by means of which the component gases 
of the explosive mixture can be separately introduced in 
the desired proportions into (b) a strong steel bomb fitted 
with inlet valve, ignition plug, and pressure manometer, 


and (c) an optical system for recording continuously the 
readings of the manometer. 

The explosion bombs used by them for experiments at 
initial pressures below 200 atm. were spherical in shape and 
3 in. in diameter; for pressures above 200 atm. a bomb of 
special construction, having a cylindrical explosion cavity 
3 in. long and 1-5 in. in diameter, was employed. Ignition 
was always effected by means of a heated platinum wire, 
and pressure-time records were obtained by an optically 
recording Petavel manometer. A brief summary of their 
more important results will now be given. 

Hydrogen-air and Carbon Monoxide-air Explosions. 

In Fig. 5 are shown typical pressure-time records for the 
explosion of 2H2H O2-I-4N2 and 2C0+02+4Na mixtures 
at initial pressures of 50 atm., which may serve to illustrate 
the marked difference in the behaviour of the two com- 
bustible gases [7, 1929]. In the case of hydrogen there is 
an almost instantaneous rise (in about 0 (X)5 sec.) to the 
maximum pressure of about 403 atm., succeeded by a pres- 
sure fall during which the pressure-time record assumes 
the character of a simple cooling curve; after 1 sec. the 



Fig. 5. 

pressure has decreased by as much as 225 atm. With car- 
bon monoxide, on the other hand, the pressure rises much 
more slowly and only attains a maximum (about 409 atm.) 
after 01 9 sec.; it maintains this maximum pressure for a 
considerable time, after which it falls slowly, the loss of 
pressure in 1 sec. after the maximum being only 93 atm. 

In Table IV are given data for a 2H2'f02 h4N2 mixture 
exploded at initial pressures between 3 and 175 atm. The 
results show that whilst increase of pressure has little in- 


Table IV 

The Influence of Varying Initial Pressures upon the 
Explosion of a 2H2 f-024-4N2 Mixture 


Initial pressure {Pi), atm. 

3 

10 

50 

100 

150 

175 

Pf corrected for com- 







pressibility iPib\ atm. 

2-99 

9-95 

49*6 

98*0 

143-5 

1 164-S 

Time for attainment of 







maximum pressure (.tm). 

In all 

cases 0*005 sec. (or less) tending to 

sec. 

diminish as increases. 



Maximum pressure (P,n), 







atm 

23 

78 

403 

850 

1,300 

1,540 

corrected for com- 







pressibility iP„i,). atm. 

23 

77*5 

391 

800 

1,185 

1,382 

Dissociation of steam at 







Pm. % 

2-2 

1*8 

1*4 

1*5 

1-2 

1-0 

Pressure fall in 1 sec. 







after P„,, % 

78*3 

70*5 

55*8 

570 

48-4 

40-3 

PmblP^h . . 

7-70 

7*79 

7*89 

816 

8-26 

8-40 

r,„.*C.abs. . . 

2,585 

2,620 

2,665 

2,745 

2,780 

2.825 
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fluence in the explosion time (/;„), it increases both the ratio 
^mbl^ib Ihe maximum temperature (T^). The dissocia- 
tion of steam at the maximum is only 2*2% at 3 atm. and 
falls to 1% at 175 atm. 

The corresponding data for a 2CO+O2-I-4N2 mixture 
(see Table V) present several features in striking contrast 
to the above. In the first place it will be noted that the 
explosion times increase progressively with pressure from 
0 07 sec. at 3 atm. to 0-56 sec. at 175 atm., and all the 
observed maximum pressures are therefore subject to ‘cor- 
rections for heat losses during this period. Another point 
of interest is that the p)crcentage carbon dioxide dissocia- 
tion remains practically constant throughout at about 5 0, 
showing that the effect of increasing pressure is just 
counterbalanced by the opposite influence of increasing 
mean maximum temperature. 

In comparing the curves in Fig. 5 attention was drawn 
to the fact that whereas with hydrogen the pressure rose 
rapidly to a maximum and thereafter fell steadily as the 
products of combustion cooled; with carbon monoxide 
there was a delay at the maximum, the pressure remaining 
substantially constant for an appreciable lime interval. A 
careful analysis of the cooling curve shows that immediately 
after the attainment of maximum pressure there is a definite 
and large exothermic effect which slows down the rale of 
cooling; the same phenomenon is noted at all pressures 
above 3 atm. and increases in magnitude with increasing 
pressure up to about 350 atm. In this connexion it is found 
that if at 50 atm. the nitrogen in the 2CO f 02-f4N2 
mixture is progressively replaced by molecular equivalents 
of either oxygen or carbon monoxide, the explosion times 
gradually diminish until, when replacement is complete, 
their values are, for the 2C0-I-502 mixture 0 005 sec. and 
for the 6CO4-O2 mixture 0 01 sec. At the same time CO2 
dissociation is largely suppressed and the exothermic effect 
on the cooling curve disappears. Comparative data for the 
three mixtures 2CO [ Og-f 4/? (where R =- N2, O2, or CO) 
exploded at 50 atm. are as follows: 



2CO f O 3 
-f4N.. 

2CO + Oj 
+ 4 O 2 

2 CO + O 2 
+ 4CO 

Initial pressure corrected (P,*), 
atm. ..... 

50-75 

51-30 

50-75 

Explosion time (/„,), sec. . 

0-19 

0-005 

001 

Max. pressure corrected (P„,ft), 
atm. ..... 

395 

446 

435 

Percentage dissociation of COj 
atP,H 

51 

1-8 

nil 

Pressure fall in 1 sec. at P^, % 

22-8 

43-8 

43-8 

° C. abs 

2,605 

2,920 

2,890 


These results, by themselves, are sufficient to indicate that 
nitrogen is not acting merely as an inert diluent in carbon 
monoxide-oxygen-nitrogen explosions at high pressures; 
evidence is available to show that in such explosions it is 
‘excited’ or ‘activated’ by the radiation emitted by the 
burning carbon monoxide to such a degree that it will com- 
bine readily with any excess of oxygen that may be present; 
in suitable circumstances, indeed, yields of nitric oxide far 
greater than would correspond to the attainment of thermal 
equilibrium have been obtained in such explosions [15, 
1933]. In the absence of excess oxygen over and above 
that required for the combustion of the carbon monoxide, 
the ‘excited ’ nitrogen molecules slowly revert to the normal 
state, giving off heat in the process and thus causing the 
marked delay in the cooling of the medium after the attain- 
ment of maximum pressure to which attention has already 
been directed. 


Table V 

The Influence of Varying Initial Pressures upon the 
Explosion of a 2CO-f 02-h4N2 Mixture 


Initial pressure 
(P<), atm. 

30 

100 

25-0 

500 

100 0 

125-0 

150 0 

1750 

Pi corrected 
for compres- 
sibility iPib), 
atm. . 

30 

10 0 

25-2 

50-75 

101 6 

126 6 

149-6 

1720 

Explosion time 
(/m). sec. 

0 07| 

010 

0 15 

0 19 

040 

0-47 

0-53 

056 

Max. pressure 
iPtn), atm. . 

21-4 

750 

193 0 

409 

880 

1,110 

1.355 

1.615 

Pm corrected 
for compres- 
sibility (.Pmb). 
atm. . 

21-4 

74-5 

189-6 

395 

826 

1,026 

1,234 

1,420 

Pmb corrected 
for cooling 

(/^rnAfXatm. . 

1 

22-9 

79-5 

2090 

430 

898 

1.112 

1.339 

1.555 

Dissociation of 
CO, al/>m. % 

51 

5-4 

49 

5-1 

5-4 

5 0 

5-6 

5-3 

Pressure fall in 

1 sec. after Pm, 

% 

58-4 

42-5 

31-1 

22-75 

193 

18-9 

17-3 

13 9 

Max. tempera- 
ture 7'm.“C.abs. 

2,385 

2,490 

2,520 

2,605 

2,715 

2,710 

2.755 

2,760 


Explosions at Initial Pressures between 250 and 1,000 
Atm. 

At such high pressures deviations from the gas laws 
become very considerable and the observed gauge pressures 
give no indication of the actual densities of the gaseous 
media. The relationships between the gauge pressure (P/) 
and the ‘corrected’ pressure (P//,) as found by direct com- 
pressibility measurements are as follows [8, 1933]: 


I Initial pressure Pi as indicated by the gauge 
Explosive medium | {atm.) 

I 75 i 250 I 350 | 500 1 750 | 1,000 


Ascertained ^corrected' pressure (P^^) 


2 H 2 + Oa + 3-76Na . 

74-2 

238 i 

305 

392 

485 

560 

2C0 + 0, + 3-76Na . 

76-2 

243-5 1 

312-5 

388-5 

460 

520 


It is thus seen that doubling the observed gauge pressure 
from 500 to 1,000 atm. increases the density of the hydro- 
gen-air medium by 1-43 and the CO-air medium by 1-34 
only. The eftect of increasing the initial pressure of a 
2H2T 02+3-76N2 mixture from 250 to 5(X) atm. is to in- 
crease both the explosion time and the maximum tempera- 
ture. The data given below relates to explosions in a 
cylindrical bomb 3 in. long and 1-5 in. in diameter. 


P«, atm. .... 

250 

350 

500 

P,' 6 . atm 

238 

305 

392 

fm. see 

0-015 

0-02 

0-022 

atm 

2,130 

2,950 

4,100 

atm 

1,810 

2,390 1 

3.075 

abs. 

Pressure fall in 1 sec. after P-, 

2,560 

2,630 

2,640 

% 

72-5 

64 

54 


Up to 500 atm. the explosions, although rapid, proceed 
normally, and perfectly reproducible pressure-time records 
are obtained. At 750 atm., however, there is an abrupt 
change in the character of the explosion and violent detona- 
tion is set up. 

With a 2C0+02 T3-76N2 mixture, on the other hand, 
no such abnormal effect is noticed even up to 1,0(X) atm.; 
the explosion times increase with pressure, although not 
nearly to the same extent as at lower initial pressures, whilst 
the exothermic effect observed during the cooling period 
after t^ reaches a maximum at an initial pressure some- 
where between 350 and 500 atm. and afterwards remains 
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constant. The data relating to these experiments are sum- 
marized below: 


2CO-f O 2 + 3 - VhNj Explosions 



Explosion chamber 

3 in. X I '5 in. 

Explosion chamber 

2 5 in. X h5 In. 

P, atm. 

250 1 350 

500 

500 

750 

1,000 

Pift, atm. . 

243-5 312-5 

388-5 

388-5 

460 

520 

sec. 

0-28 0-33 

0-33 

0-22 

0-22 

0-24 

P^, atm. 

2,290 , 3,270 

4,500 

4,480 

5,820 

7,100 

P^ atm. . 

1,923 12,583 

3,330 

3,320 

4,070 

4.690 

“C. abs. 

2,650 2,760 

1 

2,860 

2,850 

2.950 

2.995 

Calculated CO,- 
dissociation at 


1 



% 

2-4 ' 3-6 

5-0 

5-0 

5-5 

5-5 

Pressure fall in 1 

; 





sec. after P^^ % 

37 35 

32-5 

34-5 

30 

30 


The Explosion of Methane-air Mixtures at High Pres- 
sure. 

A mixture of composition CH 4 -f 02+3-76N2 cannot be 
exploded at atmospheric pressure, but owing to the widen- 
ing of the upper limit of inflammability it will just pro- 
pagate flame at about 10 atm., the explosion time in a 3-in. 
diameter spherical chamber being as long as 1*22 sec. [7, 
1929]. With increase of initial pressure the explosion time 
is considerably reduced at first (vide Table VI), but beyond 
about 100 atm. tends to become constant at about 0*2- 
0*25 sec. A slight carbon deposition accompanies the 
explosions at 10 and 50 atm., but this is completely sup- 
pressed at initial pressures above 100 atm. 


Table VI 

Explosions of a CH^-f 02+3-76N2 Mixture 


Initial pressure (P<)» atm. . 

9-93 

48-7 

95-6 

143-8 

atm 

, 10-0 

500 

1000 

1 150 0 

Max. pressure (?,J, atm. . 

1 42-0 

340 

775 

1 1,200 

Explosion time (/*J, sec. . 
Pressure fall in 1 sec. after 

1-22 

0*36 

0-25 

0-22 

• 

45-2 

29-8 

24-5 

22-1 


The effect of the widening limits of inflammability upon 
the explosion of methane-air mixtures is well illustrated by 
the data and curves in Tables VII and VIII and Figs. 6 and 
7 relating to mixtures of composition intermediate between 
the upper and lower limits at 10*3 and 125 atm. respectively 

exploded in a 3-metre 
diameter spherical 
bomb [7, 1929]. Atten- 
tion may be directed to 
the following features : 

( 1 ) The ratio of maxi- 
mum to initial pressure 
rises sharply to a maxi- 
mum corresponding, at 
Pi ~ 10*3 atm., with 
the theoretical mixture 
for complete combus- 
tion. At 125 atm. the 
maximum corresponds 
to a mixture somewhat 
richer in methane than 
the theoretical, the 
slight shift being prob- 
ably due to some sup- 
pression of dissociation 
of the carbon dioxide 
and steam in the pro- 
ducts. 



(2) Whereas at 10*3 atm. some slight carbon deposition 
is observed with the upper-limit mixture, at 125 atm. it 
begins with mixtures far removed from the upper limit and 
is observed with all mixtures containing between 18*8 and 
41*4% of methane. Before the upper limit is reached, 
however, carbon deposition ceases, and at the limit 
(methane = 45 *5%) the products consist only of the oxides 
of carbon, hydrogen, formaldehyde, and steam. 

Table VII 

Data Relating to Explosions of Methane-air Mixtures 

/*i«= 10*3 atm. Temp. '=16"C. 


Per cent. 
CH 4 in 

Volume 

ratio 


fm 


P mb 


Pmb 

Tm 

mixture 

CH./0, 

(atm.) 

(sec.) 

(atm.) 

(atm.) 

Fib 

Pi, 

•A 


f *6-0 

0-304 

10-34 

0-78 

44-5 

43-7 

4-30 

4-24 

1.225 


6-2 

0-314 

10-34 

0-48 

51-0 

50-8 

4-96 

4-91 

1.420 

i. 

7-7 

0-397 

10-34 

0-15 

74-0 

73-4 

7-15 

7-10 

2.050 

B 

8-6 

0-448 

10-34 

0-10 

82-2 

81-6 

7-95 

7-90 

2,280 

8 

9-2 

0483 

10-35 

0-08 

84-0 

83-2 

8-10 

8-04 

2,322 

a , 

10-0 

0-530 

10-35 

0-08 

86-5 

85-7 

8-34 

8-28 


0 i 
•a 

10-2 

0-540 

10-35 

0-09 

85-8 

85-2 

8-29 

8-23 


3 

11-2 

0-600 

10-35 

0-18 

76-5 

76-2 

7-42 

7-36 


g 

12-8 

0-700 

10-36 

0-27 

72-5 


7-00 



,0 

14-8 

0-820 

10-36 

0-38 

63-5 


1 6-15 



0 

tl6-8 

0-960 

10-37 

1-19 

40-5 


1 3-90 




*17-1 

0-982 

10-37 

1-22 

41-5 


4-00 




• Limit mixtures. f Carbon deposition began. 

(3) The explosion times (t^), which usually exceed 1 sec., 
reach a minimum for mixtures in the neighbourhood of 
the theoretical mixture for complete combustion. 

(4) For mixtures containing less than the theoretical 
quantity of methane for complete combustion, the explo- 
sion times increase with initial pressure. Thus, for example, 
in the case of an 8*5% methane-air mixture at 

Ft ~ 10 3 atm. ^ 0*10 sec. 
and at Z’, = 125 atm. t^^ = 0*29 sec. 

With mixtures containing defect of air or oxygen the re- 
verse is the case. Thus it is found that whilst at atmospheric 
pressure methane with less than two-thirds of its own vol- 
ume of oxygen will not explode at high pressures, much 
smaller proportions of oxygen can be readily exploded. 
Moreover, in mixtures containing upwards of 60% of meth- 
ane the effect of high pressure is not only to increase the 
violence of the explosion, but also to diminish, and in some 
cases suppress altogether, carbon deposition. 


METHANE PER CENT. 



E 


Fio. 6. 
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In Table IX the data for various methane-oxygen mix- 
tures exploded at 50 atm. are compared. 


Table VIII 

Data Relating to Explosions of Methane-air Mixtures 

Pi - 125 atm. Temp. «= 16“ C. 


Per cent. 
CH 4 

Volume 

ratio 

Pit 

tm 

Pm 


Pm 


Tyn 

in mixture 

CH 4 /O. 

(atm.) 

(sec.) 

(atm.) 

(atm.) 

Pit 

Pit 



•5-7 

0*288 

126*2 

1*58 

654 

588 

5*18 

4*66 

1,345 


5*8 

0*293 

126*3 

1*41 

749 

674 

5*93 

5*34 

1,545 


6-4 

0*319 

126*2 

0*73 

821 

745 

6*50 

5*90 

1,705 


70 

0*357 

126*3 

0*54 

899 

817 

7*12 

6*47 

1,870 


80 

0*415 

126*5 

0*38 

919 

885 

7*66 

7*00 

2,021 


8-5 

0*443 

126*6 

0*29 

1.015 

932 

8*06 

7*36 

2,125 


9.4 

0*494 

126*8 

017 

1.121 

1,027 

8*84 

8*10 


10-7 

0*520 

127*0 

0*16 

1,216 

1,115 

9*57 

8*78 


a 

11-3 

0*615 

127*2 

0*16 

1,228 

1,117 

9*65 

8*78 


•a 

11-4 

0*615 

127*2 

0*15 

1,211 

1.111 

9*52 

8*74 


a 

12-6 

0*680 

127*4 

0*15 

1,198 

1,105 

9*41 

8 67 


8 

146 

0*815 

127*8 

0*22 

1,095 

8*57 



0 y 

16*6 

0*950 

128*1 

0*25 

1,049 


8*19 




tl 8-8 

1*10 

128*6 

i 0*28 

1 1,005 


7*82 



9 

20-4 

1*22 

128*9 

{ 0*34 

1 930 


7*22 



■f 

a 

22-5 

1*38 

129*3 

1 0*41 

893 


6*91 



24-6 

1*55 

i 129*7 

0*43 

850 


6*56 



26-3 

1*70 

130*1 

0*41 

! 841 


6*46 




27*5 

1*81 

130*1 

0*54 

i 783 


6*02 




31-3 

2*10 

131*0 

1 0*83 

i 744 


5*68 




34- 1 

2*46 

131*5 

1 1*00 

718 


5*46 




35-6 

2*63 

131*9 

1 1*03 

' 695 


5*27 




36*8 

2*78 

132*2 

, 1*28 

! 686 


5*19 




38- 1 

3*23 

132*2 

1*80 

' 675 


5*10 




t41-4 

3*36 

133*1 

1 1*65 

i 624 


4*69 




L *45-5 

3*98 

134*1 

2*49 

550 


4*10 




• Limit mixtures. 

t Carbon deposition commenced. 



t Carbon deposition ceased. 

According to the hydroxylation theory these results 
would be explained by the following scheme: 

oxidation oxidation H, ; C(OH), 

CH* -> H,:COH ► ' 


+ 30 K.C.U. 

j -1-59 K.C.U. 

H,:C:0 + H,0 

1 

Decomposition 

Decompositions 

i 

Decomposition 

C + 2H, 

(1) CO f2H,-23 K.C.U. 

H, ICO 

-21*7 K.C.U. 

(2) H,C : +H,0 

(3) C + H, + H,0 + 1 6*6 K.C.U. 

-13 4 K.C.U. 


the intermediate products undergoing thermal decomposi- 
tion or further oxidation according to circumstances. On 
thermodynamical grounds it seems likely that, in explosions 
where methane is present in considerable excess over the 
equimolecular proportion, any tendency there might be for 
some of it to decompose thermally into carbon and hydro- 
gen would diminish with increased pressure. Also, at low 
initial pressures there would be a greater tendency for 
the oxidation to proceed as a ‘non-stop’ run through the 
monohydroxy stage to dihydroxy-methane, giving rise on 
decomposition to steam, carbon monoxide, and hydrogen, 
than for it to stop at the methyl alcohol stage. 


Table IX 


1 

5 CH 4 + 2 O. 

2CH4 + Og 1 

4 CH 4 + 3 O, 

Piy atm. 

46*9 

47*0 

47*2 

atm. . 

50*0 

50*0 

50*0 

P„yy atm. . . ! 

! 381 

462 

635 

/m» sec. . . . 1 

^ 0*26 1 

0*11 

0*01 

Pressure fall 1 sec. after 




Pm. Vo . . . 1 

13-7 j 

18*6 

49*6 

Composition of original j 
medium : 1 




CH* 

71*0 

66*3 

56*6 

Og . . . . 1 

i 29*0 i 

33*7 

43*4 

Products : 

1 1 

t 


COg 

i 3*7 

3*3 

6*1 

CO . 

1 21*6 

! 27*0 

33*0 

CH 4 

i 22*6 

' 12*1 

3*5 

H. . 

1 52*1 

1 57*6 

57*4 

Remarks : 

1 Abundant carbon deposit 

1 

No carbon 
deposited 


During the comparatively slow cooling of the explosion 
products secondary reactions occur, of which the most 
important are those between carbon, carbon monoxide, 
and steam, namely, 

CO+OHj^F^COz+H^J-lO l K.C.U. 

C+OH2 - CO+H2. 

At high pressures there will also probably be some inter- 
action between the oxides of carbon and hydrogen resulting 
in the formation of methane, and steam or carbon dioxide. 
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COMBUSTION RESEARCH IN COMPRESSION-IGNITION 

ENGINES 

By G. D. BOERLAGE, Director, Proefstation Delft, and J. J. BROEZE, Exp. Engineer, Procfstation Delft 
N.V. de Bataafsche Petroleum Maatschappi] , Proefstation, Delft 


INTRODUCTION 

The high efficiency attained in compression-ignition engines 
is mainly due to the utilization of an efficient air-hcat cycle. 
The efficiency of various air cycles is dealt with in text- 
books on thermodynamics; the realization of an efficient 
air cycle at a minimum of cost and trouble by means of 
the combustion of fuel oil is the main object of combustion 
research in C.l. engines. 

The high efficiency aims at the development of maximum 
power for a certain engine volume or weight, or for a mini- 
mum of fuel; the low cost of residual fuels is another 
incentive for research. 

The troubles manifesting themselves in oil engines may 
be due to imperfect combustion, causing smoke, smell, 
deposition of unbumed products, and wear, which last 
factor involves cost of maintenance; unduly high rates of 
pressure-rise cause vibration of engine parts, recognizable 
as ‘Diesel knock’. 

The problems with which combustion research is con- 
cerned will be treated according to the sequence of events 
in the engine: I. Injection; II. Ignition; and III. The 
Further Stages of Combustion. 

!• INJECTION RESEARCH 

Injection of fuel is accomplished either by compressed 
air (air injection) or by directly applied pressure (mechani- 
cal or solid injection); the former method is rapidly be- 
coming obsolete and will be considered separately. 

Mechanical Injection 

A. Delivery of fuel to spray nozzle. Aim: to feed a 
metered quantity of fuel at a predetermined rate. 

B. Delivery of fuel from spray nozzle. Aim: to distribute 
fuel as evenly as possible through the air in the com- 
bustion space. 

A. Delivery of Fuel to Spray Nozzle. 

Two systems are employed: 

1. Accumulator System. Pump supplying fuel to storage 
reservoir; metering of total quantity by pump, for 
individual cylinders by cam-controlled valve. Rate of 
feed controlled by fuel pressure and valve lift (Mc- 
Kechnie [45, 1910]). 

2. Jerk-pump System. Pump delivering fuel directly to 
pulverizer, metering by variable effective stroke of 
pump, rate of fuel feed controlled by pump-plunger 
velocity. The injector may be open to the cylinder or 
contain an automatic discharge valve. 

The pressures used for solid injection are 100-500 atm.; 
atomization is due to high fuel speed in the combustion 
space. In the jerk-pump system factors affecting metering 
and rate of feed are inertia and friction resistances in the 
pressure line, and compressibility of the oil. The resultant 
disturbances are pressure waves, injection lag, prolonged 
injection, repeated opening of fuel valve, &c., which have 
been dealt with, e.g. by Sass p2, 1929], Davies and Giffen 


[22, 1931], Berg and Rode [6, 1932], Rothrock and Marsh 
[69, 1934], Dicksee [24, 1935]. Compressibility of oils has 
been dealt with by Alexander [2, 1927], Nixon [57, 1932], 
Jessup [35, 1930], Le Mesurier and Stansfield [48, 1933]. 

Pressure-wave velocities are decreased by friction (nar- 
row pipe, high viscosity) and arc dependent on the varying 
bulk modulus; an average value is 4,500 ft. per sec. (1,5(X) 
metres per sec.). Viscosity affects still other parts of the 
delivery process, for instance the metering, which includes 
leakage, volumetric efficiency of pumps (Le Mesurier and 
Stansfield [46, 1931]), and also the correct action of valves 
(de Sermoise [77, 1934]). There is also the variation of 
viscosity with temperature (Le Mesurier and Stansfield [48, 
1933]) and with pressure (Hersey [29, 1929]). 

B. Delivery of Fuel from Nozzle. Spray Formation. 

The introduction of the liquid fuel into the combustion 
chamber has two main aspects: the ‘fineness’ and the 
‘distribution’ of the injected fuel in the air charge. 

The ‘fineness’ (‘micro-mixture’, Boerlagc and Van Dijck 
[15, 1934]) includes both the degree of pulverization and 
the degree of evaporation. The latter has often been under- 
estimated. 

The distribution refers to the degree of homogeneity 
of the fuel charge throughout the combustion chamber 
(‘macro-mixture’) and may be expressed in terms of fuel 
weight per unit of space in the chamber. Distribution in- 
cludes not only penetration and dispersion by the spray 
proper, but also the influence of air movement and air 
temperature. 

Both micro- and macro-mixtures change rapidly, and 
especially so during injection. The micro-mixture is con- 
tinuously improved by progressive pulverization and 
evaporation, which may be counteracted to some extent by 
the recombining of particles, where the spray hits a surface. 
The macro-mixture, as primarily formed by the spray, is 
also continuously improved by air and gas movement ; the 
less efficient the distribution by the spray proper, the more 
efficient should be the distribution by some correcting 
turbulence. Air injection provides a strong turbulence of 
its own, but for solid injection any desired turbulence must 
be obtained by prearranged movements of the combustion 
air, or, as in so-called precombustion-chamber engines and 
air-cell engines, by a partial combustion causing flow by 
means of the expanding gases. 

Spray research has been concentrated mostly on the 
phenomenon of pulverization and on the physical factors 
controlling pulverization and distribution by the spray 
proper in still air. These matters will now be dealt with 
in more detail. 

(a) Pulverization. (1) General Aspect. Bird [7, 1926] 
describes and Lee [40, 41 , 1932-3] proves by striking photo- 
graphs how pulverization results from friction of the sur- 
face of the solid jet emerging from the nozzle against the 
air through which the jet moves. The liquid is drawn out 
by the frictional forces into ligaments, which then break up 
and the fragments collapse into drops (Fig. 1). As long as these 







COMBUSTION RESEARCH IN COMPRESSION-IGNITION ENGINES 2895 


drops have a velocity relative to the air they may be subject 
to further ligamentation and subsequent reduction in size. 
The ligament theory of pulverization implies that pulveriza- 
tion takes place throughout the course of the jet of oil and 
not at the nozzle only, as has been suggested (Triebnigg 
[84, 1925]). Centrifugal forces as caused by turbulent motion 
of the liquid through the nozzle appear to have little 
influence as compared with the frictional forces; only when 
injecting into a vacuum has the efl'ect been remarked upon. 

(2) Influence of Physical Factors, Internal forces in the 
liquid, which resist pulverization, are surface tension, as 
the liquid surfaces have to be disrupted and the ligaments 
and droplets have to be deformed, and viscosity, as de- 
formation into ligaments and droplets requires internal 
flow. External forces, assisting pulverization, are air re- 
sistance and the forces created by turbulence. 

Pulverization is measured by catching drops in non- 
solvent liquid (‘Queer, Woeltjen [86, 1925]) or on sooted 
plates (Kuehn [39, 1925]) and counting the number of 
drops per gram (Bird [7, 1926]), or making individual size 
measurements (Haeusser and Strobl [26, 1924]); the diffi- 
culty is that pulverization is usually very uneven, whilst it is 
a function of jet travel as well as of jet duration. Therefore 
the observations of different investigators do not alw.i^s 
tally. Moreover, evaporation should also be taken into 
account. 

Influence of Resistinf^ Forces. At constant viscosity 
increase of surface tension increases the ‘ break-up distance* 
of the jet from the nozzle (De Juhasz, Zahn, and Schweitzer 
[36 1932]. In practice the surface tension of petroleum 
fuels docs not vary appreciably, even when they differ 
widely in viscosity, for instance. Values given (ibid.) are: 


Surface tension at 70° F. in g.jsec.* Viscosity const. 1 70° F. 


Kcrosine 

26-5 

Light Diesel oil 

30-5 

‘ Gulf heavy black ’ oil 

28-5 


2-4 c.st. 
6 „ 
300 


Viscosity has a pronounced effect on the break-up distance 
(ibid.), especially with plain, smooth nozzles. It was ob- 
served also that viscosity influences drop size, although no 
figures were given by the authors mentioned above. Tests 
by Kuehn [39, 1924] showing a decrease in drop size with 
decreased viscosity, a test by Bird [7, 1926], and indirect 
evidence from the penetration tests of De Juhasz and from 
measurements by Eichelberg [25, 1932] all point to the 
influence of this important fuel characteristic, and most 
investigators of combustion assume that increased viscosity 
increases the average drop size. Seeing that the viscosity 
of Diesel fuels may vary in a ratio from 1 to 100 at the 
temperatures encountered in nozzles, this field might with 
advantage be explored further, although the effect on the 
drop size is not in proportion to the great range of 
viscosities. 

Influence of the Assisting Forces. The air resistance 
depends on relative oil speed and air density; increased oil 
speed is obtained by high injection pressure, and several 
investigators report on the finer pulverization so produced 
(Hintz [31, 1926], Sass [72, 1929], Woeltjen [86, 1925], 
Kuehn [39, 1925], Lee [40, 1932], Eichelberg [25, 1932]). 
Evidence on the influence of air density is somewhat con- 
tradictory, Sass finding a decrease in drop size with increasing 
air density, whereas Woeltjen and Lee report no influence. 

The turbulence in the nozzle appears to have little in- 
fluence when the air pressure is high, but from injection 
in vacuo it was found that turbulence causes some pul- 
verization. Turbulence in a plain and smooth nozzle is 


primarily a function of oil speed in the nozzle; tests with 
nozzles which assist turbulent flow have been made. Lee 
[40, 1932] found, contrary to expectation, that pulverization 
from a nozzle with an insert causing swirl in the oil was 
less fine than without such an insert. Another matter, 
however, is the influence of indiscriminate turbulence. 
De Juhasz [36, 1932] finds the break-up distance of a jet 
to be a function of the Reynolds number of flow in the 
nozzle. Disturbances of the nozzle surface, however, may 
have a great effect, especially in vacuo (Lee). The effect of 
nozzle size is that in general it may be stated that smaller 
nozzles produce somewhat finer pulverization ; the effect is 
small (Lee), or not felt above 0*01 5 in. diameter (De Juhasz), 
but Sass reports a great influence between 0 01 6 and0 032 in. 
nozzles. 

Though it is clear that no figure will cover actual drop 
sizes, the order of magnitude may be fixed practically at 
from 0 01 to 0 03 mm. (0 0004-0 00 12 in.) (Fig. 2). 



Fxcesi c/" //yifcA'on On'fr F)ressore, per ih 

Fig. 2. 

{b) Distribution. Distribution is determined by penetra- 
tion and dispersion by the spray proper, and, further, 
mainly by air and gas movements and air temperature. 
Considerable data exist on this subject and prove its com- 
plexity. 

(1) Penetration. Earlier investigators visualized penetra- 
tion as the motion of the individual droplets formed at the 
nozzle, but Kuehn [39, 1925] pointed out that individual 
droplets have no penetrating power and that the distribu- 
tion of a jet is due to transmission of its energy to the air, 
which is worked up into a flow in the direction of the spray, 
carrying the drops with it. As soon as some air flow exists, 
drops or ligaments may travel some distance before finding 
the greatest resistance, hence pulverization occurs all along 
the path of the jet (Lee [40, 1932]). This flow is thus a cause 
of small drops being found at even the greatest distance 
from the nozzle (Eichelberg [25, 1932]). Kuehn pointed 
out that the greater the mass of air set in motion (great 
dispersion) the smaller the resulting velocity of flow and, 
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therefore, the less the penetration. The air-flow effect has 
been proved by measurements of spray momentum (Riehm 
[65, 1924]) on continuous jets (Zahn [36, 1932]), as this 
was found to be sensibly constant over a large distance of 
penetration owing to a gradual transfer of oil momentum 
to the air. 

Penetration has many aspects. The distance of travel of 
the spray tip for a certain time (tip penetration) has been 
studied photographically (Matthews [44, 1925], Miller and 
Beardsley [51, 1926], Sass [72, 1929]). Bird [7, 1926] 
already pointed out the importance of the penetration of 
the whole mass of oil, which he described as the penetration 
of the centre of gravity of the oil. The expression ‘bulk 
penetration’ perhaps conveys best the meaning of this 
characteristic, as against tip penetration. Bulk penetration 
has been measured by means of distribution curves ob- 
tained from oil caught during its travel by suitable catching 
devices (Bird [7, 1926], Schweitzer [36, 1932]). These curves 
show that more fuel reaches a certain plane as the distance 
from the jet or the air density decreases, or the oil viscosity 
increases, whilst the effect of increasing oil pressure may 
be different according to changes in the state of turbulence 
and pulverization caused thereby. It is possible to reduce 
bulk penetration by increasing the oil pressure (Schweit- 
zer [76, 1934]), a fact well known in practice, notwith- 
standing the observed increase in tip penetration speed 
(Miller and Beardsley [51, 1926], Sass [72, 1929]). The fact 
that the penetration of a spray is due to the movement of 
the air caused by the action of the combined resistance 
forces of the oil particles explains that increased dispersion 
of a jet decreases tip-penetration speed as well as bulk 
penetration (Kuehn [39, 1925], De Juhasz [36, 1932]. Orifice 
size is a strong factor in penetration; Sass [72, 1929] 
found increasing tip speed with increasing nozzle size. 
Schweitzer found at first [36, 1932] no definite influence 
of orifice size on the amount of fuel that reached a certain 
plane; here, however, the speed of penetration has not 
been taken into account. Later [76, 1934] he employed 
another criterion, viz. the momentum of the oil spray. 
In contrast with the earlier momentum measurements, 
the test was so arranged as to allow of the measurement 
of the oil momentum alone. The conclusion was that the 
orifice size has a preponderant influence on the penetra- 
tive power, in particular at high air densities. The point 
is, therefore, that although spray from a small nozzle will 
ultimately penetrate just as far as that from a larger one, 
this will take a much longer time, so that for the short 
times available in high-speed engines the practical influence 
of nozzle size is very important. Whether duration of the 
spray has any effect on penetration has also been studied. 
Schweitzer has measured [76, 1934] the dynamic pressure 
of sprays of different duration at different distances from 
the nozzle. He found that for ? given distance from 
the nozzle a dynamic pressure would only be registered 
from a certain injection time onwards; it then increased 
with further increase in injection time up to a maximum 
value, after which it remained constant (Fig. 3). The 
‘building-up’ time of a spray until it reaches its maxi- 
mum force increases with distance from the nozzle; it was 
concluded that for practical purposes injection times are 
always so long that the sprays may be considered fully 
developed over the length of travel of interest to the engine 
designer. This would mean that spray formation in engines 
can be studied on continuous sprays; some measurements 
(Riehm [65, 1924]) have been adversely criticized on the 
ground that this cannot be done. This subject is certainly 


of the highest importance for combustion at very high 
engine speeds. 

(2) Dispersion, This subject has already been touched 
upon in dealing with penetration, since the two are very 
closely connected. The earliest measurements of dispersion 
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Fig. 3. 


have been made by spray photography (Miller and Beard- 
sley [51, 1926], Sass [72, 1929]), taking the cone angle of 
the spray as a measure. As in the case of penetration, 
however, the external picture does not give exact informa- 
tion about the internal distribution. Valuable results have 



been obtained by actually catching the spray in containers 
arranged along radii in different planes perpendicular to 
the axis of the jet (Fig. 4) (Schweitzer [36, 1932]). The 
quantity of liquid passing an element of these planes can 
be expressed as flux and is measured as specific flux by 
dividing it by the space-angle formed between the nozzle 
and the said element. 

The dispersion in a given cross-section becomes more 
even with increasing distance, increasing air density, de- 
creasing oil viscosity, and increasing oil pressure. This 
shows clearly that a compromise has to be made between 
dispersion and penetration. 

The results of such tests as described above can give but 
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by pressure phenomena, of which Fig. 5 gives a schematic 
picture on a time basis. A is compression, B expansion 
without fuel admission, C, Z), £", F show the effect of igni- 
tion and combustion. Fuel is injected from a to e; there 
is first a slight fall C followed by a gentle rise Z>, which 
changes rather abruptly into the definite pressure rise E, 



Further stages of combustion F and expansion G follow. 
The stages C and D merge imperceptibly into each other 
and are generally taken together as ‘ignition lag’ (Hawkes 
[28, 1920]) or ‘delay time’, from a to b. The lag is mainly 
the time taken for preparation of the fuel for ignition, 
stage C showing that the fuel at first takes up heat from 
the air, and stage D that this is followed by a partial reac- 
tion. The end of the lag b represents the point where, by 
the heat of this reaction, a flame nucleus has been formed 
of such power that it ignites the rest of the fuel (Ricardo 
[59, 1931]). 

The physical and chemical aspects and the influence of 
physical and chemical factors will be considered hereafter. 

Physical Aspect. 

Opinions arc divided as to the importance of evaporation 
of the fuel during the lag. 

A. Ignition starts in Vapour Phase. 

The oil drops are heated whilst travelling through the 
air and are gradually evaporated. The vapours thus formed 
are practically instantaneously heated to the temperature 
of the compressed air (600-900° C.) and start reaction with 
that air, either directly or after gasification (Rieppel [66, 
1908]), or, according to more recent work, whilst decom- 
posing (Van Dijck, Boerlage, and Broeze [12, 1932]). Heat 
is developed first by flameless reaction of part of the fuel, 
and the temperature thus rises comparatively slowly up to 
the point where the surplus energy liberated in some 
particular locality leads to a nucleus of flame (Ricardo 
[59, 1931]), which then spreads quickly through the mix- 
ture; in the presence of the flame the rest of the fuel 
is more rapidly evaporated, gasified, and burned. The 
ignition lag thus appears to include a period necessary 
for reaching an adequate (local) concentration of vapour 
(physical lag) and a partly overlapping period necessary 
for building up a flame nucleus (chemical lag) (Fig. 6). 
Strong evidence for this sequence of events has been given 
by Rothrock and Waldron’s photographs of ignited sprays 
[67, 1934; 70, 1932], which even showed in some cases the 


spray to evaporate entirely before ignition, in some 1 to 
2 thousandths of a sec.; in the latest, very clear, photo- 
graphs by these investigators [71, 1935] the flame is shown 
to start from one or more tiny points, especially when the 



Fig. 6. 


lag is relatively short (Fig. 7, A, B), proving the nuclear 
theory to be correct. Abo after a long lag, when all the 
fuel is evaporated, the ignition definitely starts from a 
nucleus (Fig. 8, A). 

B. Ignition starts in Liquid Phase. 

It has been suggested that evaporation could not be of 
importance (Alt [3, 1924]) as, firstly, for the usual fuels the 
S.I.T. (spontaneous ignition temperature) was lower than 
the average boiling-point. This point, however, does not 
hold, as the vapour pressure of a normal fuel at its S.I.T. 
is at least sufficient to form a combustible mixture. A 
second argument brought forward against evaporation was 
that a volatile substance like benzene was extremely difficult 
to ignite. Here the fact was overlooked that, although 
evaporation might be necessary, it might not be sufficient 
(benzene shows a short physical lag but a long chemical 
lag), vide criticism by Rothrock and Waldron [70, 1932]. 
It has also been suggested (Callendar [19, 1926]) that liquid 
drops gave a better chance for reaction because of the 
strained condition of the surface molecules, or because 
peroxides of low volatility would be formed which would 
recondense on the surface of any droplets [20, 1927], but 
Tausz and Schulte had already found [79, 1924] that oil 
vapours had exactly the same S.I.T. as the liquid, provided 
the optimal mixture strength was assured, whereas Schaefer 
[73, 1931] found that in the Jentzsch ignition tester, which 
consists of a steel crucible containing three interconnected 
chambers, the ignition was not initiated in the chamber in 
which the oil was introduced but always in one of the 
auxiliary chambers, which was ascribed to over-richness of 
the vapour mixture in the first chamber. Though in these 
cases it was made clear that oil may ignite as a vapour, it 
was contended that in the engine there was not sufficient 
time for evaporation; in particular, a calculation on the 
heating of drops during ignition lag (Neumann [54, 1927]) 
seemed to prove this, so that the liquid-phase theory found 
many supporters. These calculations, however, were based 
on unsatisfactory assumptions: the drop si 2 :e was calcu- 
lated, and was presumably 5-10 times too high; the test 
was made in a heated vessel, so that the assumption that 
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no fuel was heated by contact with the walls was unjustified; 
finally, it was assumed that the ignition lag was the time 
from the starting of injection up to the attainment of S.I.T. 
by the liquid drops, which is a debatable point. The self- 
ignition temperatures under pressure were determined by 
Tausz [79, 1924]. In later work [55, 1932] Neumann came 
to the conclusion that the drop surface layers entering into 
reaction with air must actually be evaporated during this 
reaction, so that ignition must indeed occur in the vapour 
phase. 

Chemical Aspect. 

Two ideas are prevalent on the chemistry of ignition, 
which coincide to a certain extent with the controversy about 
ignition in the liquid or in the vapour state. Those who 
visualize ignition as a drop-surface phenomenon accept the 
formation at low temperatures of unstable oxygen com- 
pounds (peroxide theory), whereas most of those who sec 
ignition as a vapour reaction hold that the tendency towards 
decomposition of the hydrocarbon by high temperature is 
responsible for the reactions which lead to ignition (thermal 
stability theory). 

A. Peroxide Theory. 

Various investigators have found that on heating hydro- 
carbons in air at temperatures around 200^ C., oxygen will 
be loosely bound by the hydrocarbon, forming peroxides 
which at higher temperatures will decompose exothermi- 
cally (Tausz [79, 1924], Mardles [43, 1926]). Tausz in 
particular supposes a partial decomposition to take place, 
followed by peroxidation of the products thereof. The 
violent explosion of the peroxides, according to Tausz, 
happens at the S.I.T. and leads to instantaneous inflamma- 
tion of the mixture. Others (Le Mesurier and Stansfield 
[47, 1932]) hold that the heat developed by the decomposi- 
tion of the peroxides gradually raises the temperature of the 
fuel mixture and thereby the reaction velocity. This view 
corresponds more to the conception of the ignition nucleus. 

It is interesting to note that detonation in petrol engines, 
another form of self-ignition, is also ascribed to the forma- 
tion of peroxides, and it was shown that hydrocarbons prone 
to detonation readily formed peroxides, whilst substances 
like benzene did not (see Articles 1 and 2). The intimate 
relation between petrol knock and oil-engine ignition has 
been frequently commented upon in later years (Le Mesurier 
and Stansfield [46, 1931], Schweitzer [75, 1932], Bocrlagc 
and Van Dijck [15, 1934]). 

Objections against the peroxide theory have been raised 
by Tausz himself, who found that substances which formed 
peroxides and which in small quantities lowered the S.I.T. 
of a fuel at atmospheric pressure did not do so at higher 
pressures. Another objection is that tetra-hydronaphtha- 
lene (tetralin), a substance which is prone to peroxidation 
even at normal temperature, and of which the peroxide has 
a strong effect in diminishing the lag of a fuel to which it 
is admixed, shows no strong tendency to ignite at all when 
used as a fuel by itself (Boerlage and Van Dijck [15, 1934]). 

It is suggested that fuel vapours pass so quickly through 
the temperature interval in which peroxides can exist that 
no appreciable formation takes place. 

B. Thermal Decomposition Theories. 

Rieppel [66, 1908] found that the coal-tar oils which 
gave serious ignition difficulties in Diesel engines could be 
distinguished from petroleum fuels by their lesser tendency 
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to form oil gases when heated. He ascribed the tendency 
to ignite mainly to the quantity of hydrogen formed, and 
found that the hydrogen content of the fuel gave a suitable 
measure. This latter rule, true only for the aliphatic series 
and the aromatic series, has been generalized wrongly. 

Criticism against the gasification theory was founded on 
the high S.I.T. (spontaneous ignition temperature) of fixed 
oil gases (Wollers and Ehmcke [87, 1921]), but it was not 
taken into account that at the moment when decomposi- 
tion could occur in the engine the molecular fragments are 
not yet in equilibrium in respect of their valences (Holm 
[32, 1913]), so that the importance of status nascens had 
been overlooked, as well as the question of the velocity of 
gas formation (Magg [42, 1928]). The high S.I.T. of fixed 
oil gases has been used, on the contrary, as an argument 
in favour of the gasification theory, as it must be expected 
that these gases, which result from prolonged heating at 
high temperature, will represent (or approach to) the equi- 
librium state at some high temperature and will therefore 
be more stable when exposed again to such temperature 
(Boerlage and Broeze [13, 1934]). Reverting to the con- 
ception that thermal decomposition plays an important 
part in the ignition process, it is suggested (Boerlage, 
Broeze, and Van Dijck [12, 1932]) that total gasification 
of the fuel is unnecessary and that the reaction initiating 
ignition is due either to the initial stages of cracking, fol- 
lowed by a development of heat by the reaction of the free 
radicals formed with oxygen, or to oxygen reacting with 
the oil molecules which are in a highly strained state just 
prior to breaking down and so becoming abnormally 
sensitive to oxygen (thermal stability theory). Although, 
therefore, actual cracking may not take place before oxygen 
initiates the process, a measure for the reactivity of the fuel 
might then be the initial cracking velocity expressed by the 
number of new molecules formed per unit of time, since this 
corresponds to the number of fractures and therefore to the 
number of free valences. Determinations of this initial 
cracking velocity have been described [15, 1934], and it was 
found that a general correlation existed with the observed 
ignition data. Some hydrocarbons, however, gave rise to diffi- 
culties, in particular substances derived from the wo-butyl 
group, which in contrast to their low ignition quality had 
a high cracking velocity. This was explained later, with 
the aid of Rice's observation [64, 1934], that the / 50 -butyl 
group has not the activity usually associated with a free 
radical. 

More recent tests, not published, by the authors, on the 
behaviour of hydrocarbons compressed up to 40 atm. in 
a motored engine in an atmosphere of nitrogen with vary- 
ing percentages of oxygen, have made it clear that decom- 
position docs not take place in any appreciable amount, 
unless some oxygen is present. 

The Influence of Physical and Chemical Factors. 

The lag being a complicated period, first of heating and 
evaporating fuel colder than the air, then of building up 
a nucleus hotter than the air in the combustion chamber, 
various factors exert their influence on its duration. 

Physical factors are: (a) temperature, {b) pressure, 
(r) mixture conditions, (d) turbulence. 

(a) Temperature. Air temperature is most important. 
The lag varies from infinity (Hawkes [28, 1920]) to less than 
0 001 sec. with increasing temperature. This influence has 
been ascribed partly to the increased rate of heating of the 
droplets leading to their attaining S.I.T. earlier, but Neu- 
mann [54, 1927] in the above-mentioned calculations found 
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the rate of heat transmission required for attaining S.I.T. 
so abnormally high that he concluded that it was mainly 
due to reaction, in particular peroxide formation, on the 
drop surface. In the opinion of those adhering to the 
theory of vapour-phase ignition it is the increased reaction 
velocity of the vapours at air temperature and not the rate 
of heating of the drops to air temperature that is responsible 
for the shorter lag (Boerlage and Van Dijck [15, 1934]). 
Fuel temperature has a far less marked effect, which proves 
that at least the conception of the lag as only a Iieating-up 
time is untenable. Only in the case of fuels of very high 
viscosity was it found that increase in temperature had a 
marked effect on the lag (Boerlage and Broeze [12, 1932]), 
this being ascribed to the improved pulverization at de- 
creased viscosity. 

Temperature of the combustion-chamber walls has a 
distinct effect when fuel is sprayed against the wall, as it 
influences the rate of evaporation, or when the turbulence 
system of the engine is such as to cause heat loss from or 
heat input into the air charge (Ricardo [60, 1931]). 

(b) Pressure. Air pressure affects the lag (Bird [7, 1926]). 
It was found (Boerlage and Broeze [11, 1931]) in an engine 
that the lag was practically inversely proportionate to the 
compression pressure; the value of supercharging was 
pointed out. 

A high compression ratio and low heat losses during 
compression are beneficial to both points (a) and (h). 

{c) Mixture Conditions. These comprise a number of 
factors difficult to analyse. The influence of pulverization 
is restricted, inasmuch as there may always be a certain 
amount of sufficiently fine drops which will suffice by rapid 
evaporation to form the nucleus (Ricardo [59, 1931]), with 
the exception perhaps of the case just mentioned for highly 
viscous fuels. 

It appears, however, that a certain vapour concentration 
will be necessary (Bird [9, 1930]) which might not always 
be obtained from a few drops. Bird ascribed the abnor- 
mally long lags usually found in bomb experiments to 
insufficient concentration and succeeded in reducing them 
by employing a fuel-air ratio more nearly correct. A pecu- 
liar phenomenon of ignition occurring only after several 
injections was also ascribed by Bird to mixture weakness; 
this phenomenon is well known in practice as intermittent 
misfiring; late ignition with a weak mixture may be found 
in such engines where the mixture has a chance to become 
homogeneous, when running at low or no load (air-injec- 
tion engine). 

The favourable vapour concentration must be present 
over a certain minimum of space to be able to develop a 
flame nucleus. The minute regions of varying richness 
around each individual droplet do not apparently count as 
such, since then ignition lag would be entirely independent 
of injection or turbulence, whirh, in fact, it is not; these 
small regions are thermally coupled with their surroundings 
(Boerlage and Van Dijck [15, 1934]) and cannot rise in 
temperature without those surroundings showing a rise 
too; the average vapour concentration in a space element, 
possibly provided with vapour from several droplets, is the 
determining factor. 

The fact that the influence of mixture composition is only 
noticeable in extreme cases may be explained by the 
mixture being normally very heterogeneous, so that nearly 
always a region with mo^t suitable conditions to start the 
flame will be present. 

The influence of physical fuel characteristics on the 
mixture conditions has been treated generally under the 


heading ‘Injection’, and it will now be discussed how they 
affect the ignition process in practice. Viscosity has been 
mentioned above; the practical influence is small, since the 
pulverization of highly viscous fuels can be improved by 
adopting either preheating or high injection pressures. 

Volatility will have some influence if reaction starts in 
the vapour phase, and if the time available to heat the 
drops up to the point where they can evaporate quickly 
enough (the physical lag) becomes of the same order as the 
total lag. It can be said that for normal Diesel fuels the 
chemical lag is usually preponderant. It has been con- 
tended that the influence of volatility is nil (Le Mesufier 
and Stansfield [47, 1932]), but the following table shows 
that in many cases the ignition lag of residual fuels is longer 
than that of the gas-oil fractions obtained from the re- 
spective crude oils, whereas the activity usually increases 
with molecular weight in the lower fractions. 



Table 

1 

i 

Cetcnc numbers 

{a) Gas-oil 

'ructe oil 

fractions , 

(h) Residue 

A j 

60 

44 

B 

58-60 

44 

C ' 

58-60 , 

32 

D 

47-49 1 

26 

E 

1 i 

39 

F 

30-^3 

24 (entire crude) 

G 

i 27 : 

15 


This table shows where, in practice, volatility may have 
some influence. 

The longer lag of the straight-chain hydrocarbon CaaHei 
in comparison with lower members of the series shows that 
for fuels of the same chemical type some influence of vola- 
tility docs indeed exist (Boerlage and Broeze [13, 1934]). 

(d) Air Motion. The following general distinctions can 
be made between various kinds of air motion. It is often 
a matter of guesswork what the intensity of the different 
kinds of movement will be in a certain case. 

(1) Directed Air Flow having a low velocity and a great 
radius of gyration, such as is caused by tangential inlet 
ports, screened inlet valves, or big venturi throats between 
cylinder and chamber. Such flow hardly disturbs the spray, 
it merely displaces it through the chamber after pulveriza- 
tion. It is unlikely that it has any effect on ignition except 
for such heating effect as it may have had on the air (Le 
Mesurier and Stansfield [47, 1932], Ricardo [60, 1931]). 

(2) Indiscriminate Turbulence with small radii of gyra- 
tion, such as is caused, e.g., by the induction turbulence of 
the air or by trapping part of the air during compression 
and forcing it into an eddying motion. The general effect 
of this movement is to mix the vapours with the surround- 
ing air, which is advantageous. Neumann [54, 1927] found 
that in a bomb with presumably this kind of turbulence, 
the ignition lag at high temperatures was shorter than 
without this turbulence. At lower temperatures, however, 
the lags were longer with than without turbulence, for 
which no explanation was given. Two causes suggest 
themselves: firstly, that the fuel was mixed more homo- 
geneously, which would have the effect of too low 
concentration as mentioned by Bird; secondly, that heat 
developed during the lag, which must cause the temperature 
to rise to flame temperature in some favourite nucleus, has 
less chance to do so when such nuclei are continuously 
being mingled with other parts of the charge. 
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(3) Strong Air Blasts caused when the air is forced at 
the end of compression through small orifices, may strongly 
influence the distribution of the spray, so that, apart from 
a beneficial effect on the evaporation of the oil and on 
flame propagation, too thorough mixing may occur, with 
its ill effects both on local fuel concentration and on the 
temperature rise of possible nuclei. Bird [9, 1930] and 
Rothrock and Waldron [70, 1932] report on such adverse 
influences of strong hot-air blasts on the ignition process, 
whilst experience in practice with engines employing such 
turbulence has shown similar defects, viz. a tendency to 
misfire at low loads and long ignition lags. The air 
velocities mentioned are of the order of 300-600 ft. per sec. 

Chemical factors are the activity of the fuel and of the 
oxygen, both of which are a function of temp>erature. 

Activity of the Fuel. The reaction velocity during the 
lag will be dependent on the temperature and on the 
concentration and activity of such part of the fuel as is liable 
to react most vigorously with oxygen. Activity of pure hydro- 
carbons in this respect, however, can best be expressed 
by the lag under specified conditions. Little has been pub- 
lished up to now about the ignition quality of pure hydro- 
carbons, save for some which have been proposed as 
standard reference fuels for calibrating the ignition lag oi 
commercial fuels, //-hexadecene (cctene) was found in 1931 
[11] to give a very short lag; later //-hexadecane has been 
found to give an even shorter lag (Boerlage and Broeze 
[13, 1934]); mesitylene, a benzene derivative (/n-mcthyl- 
benzene) and 1 -methyl-naphthalene showed such low igni- 
tion properties that they could not be used in a pure slate 
[12, 1932]. It was suggested to use //-hexadecene (cetene) 
and 1 -methyl-naphthalene as standard substances, and at 
the World Petroleum Congress in 1933 this was tentatively 
adopted [88]. In spite of the somewhat higher ignition 
quality of //-hexadecane for practical use, the use of cetene 
may be preferable, since cetane is only obtained via cetene 
and, moreover, has a somewhat higher melting-point. The 
cetene numbers of commercial fuels and their determina- 
tion will be treated under the heading ‘Light Diesel Fuels’. 



The ignition properties of 1 -methyl-naphthalene are so 
low that under the conditions in the engines where measure- 
ments have been made it may be regarded as acting mere y 
as a diluent. By the curve of ignition lags in a non- 
turbulent engine for mixtures with varying wei^t con- 
centrations of cetene and l-methyl-naphthalene it is shown 
that the lags are very nearly inversely proportional to the 
concentration of the cetene, i.e. to the concentration ot 
the active substance in the mixture (Fig. 9). 


Given pure hydrocarbons or a mixture thereof such as 
a petroleum fuel, the cetene value of mixtures can be cal- 
culated from the known cetene numbers of the components. 
The observed linear relationship between the cetene num- 
bers (expressed in weight concentrations) is explained by 
the degree of activity and the concentration of the active 
matter (Boerlage and Broeze [12, 1932]) (Fig. 10). 



Fig. 10. 


A lest on an air-injection engine illustrates excellently 
the influence of turbulence and of the concentration of 
active matter in the fuel (cetene number). Fig. 11 shows 
the ignition lags for fuel mixtures of different cetene 
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number and two different blast air-pressures, at constant 
load. 

These curves have regular characteristics only over a small 
range in turbulent air. With high cetene numbers increased 
turbulence (high blast air-pressure) results in a shorter lag 
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(proving that the cooling effect of cold blast air is of no 
importance), but below a certain cetene number the con- 
centration of active matter is too low to form an early 
flame nucleus, and the lag undergoes an abrupt change. 
The lower blast air-pressure produces longer lags generally, 
but allows a mixture with much less active matter (lower 
cetene number) still to form a nucleus early. It is seen that 
the less the turbulence the more closely a regular shai3e 
of curve is approached. 

The concentration of the oxygen is of as much import- 
ance as the concentration of active hydrocarbons. It has 
been found that the lag varies inversely with the oxygen 
concentration (Boerlage and Van Dijck [15, 1934]) and that 
it is actually to this that the eflect of pressure mentioned 
has to be ascribed. This means that the effect of increased 
air-pressure on the transmission of heat to the fuel can be 
disregarded, since the presence of 4 parts of hot nitrogen 
to 1 part of oxygen is of no influence. This again means 
that the view is probably correct that heating of the fuel 
vapours is practically instantaneous. 

The low rate of reaction during the lag makes it probable 
that not all the oxygen takes part in the process, but only 
a small part of it which is in a state of activity; this activity 
increases with temperature. The effect of increased tem- 
perature, however, includes also the increased activity of 
the fuel, so that the effect of active oxygen cannot be 
so studied. It is possible to introduce active oxygen into 
the process chemically, but such active oxygen may be 
entirely different from the active part of ordinary oxygen. 
Brooks [18, 1933] found that the addition of ozone to the 
intake air of a petrol engine had a considerable influence 
in promoting detonation. Tests (unpublished) have failed 
up to the present to produce a similar effect on ignition 
in a Diesel engine; it seems likely that the ozone formed 
unstable compounds in the petrol engine during the induc- 
tion and compression strokes, whilst in the Diesel engine 
it may have been decomposed during the compression 
stroke before it had a chance to come into contact with 
the fuel. Ozone has been made to react with the fuel before 
its introduction into the Diesel engine, and for some fuels 
a marked increase in cetene number has resulted, although 
for others the influence was not noticeable (vide Table II). 


Table II 


Fuel 

Cetene numbers 

{b) After 
(a) Before ozonizing 

A 

51 

70 

B 

49 

52 

C 

44 

70 

D 

i 44 

44 

E 

40 

46 

F 

1 40 

! 40 


This shows that certain constituents in petroleum fuels are 
liable to form unstable oxygen compounds at low tempera- 
tures, but the cetene numbers of the untreated fuels show 
that this does not always coincide with a higher ignition 
quality. It is therefore probable, as has been mentioned 
before, that firstly a tendency to form unstable oxygen 
compounds at low temperature plays no role in the ignition 
process, and secondly that the role of such compounds, if 
pre-formed, is merely that of introducing active oxygen 
which may react, after decomposition of the compound, 
with such active parts of the fuel as are in want of oxygen. 


Another method of introducing active oxygen gives 
similar results, which appear to substantiate this view. The 
addition of a small quantity of tetralin peroxide or acetone 
peroxide to a fuel increases its cetene number. The curves 
obtained (Fig. 12) show two interesting facts: firstly, that 
the linear relationship of the cetene numbers with the 
composition of the mixtures no longer holds good; and 
secondly, that the effect of the admixture is generally 



greater according as the cetene number of the fuel to which 
the dope is given is higher (Boerlage and Van Dijck [15, 
1934]). The inference drawn was that the more active the 
fuel the more useful was the active oxygen introduced, 
and that when a certain amount was exceeded it became 
gradually less useful, as in the decreased ignition-lag time 
there was not enough activated fuel to allow of its being 
utilized. It is not known at present whether the effect of 
other ignition-promoting dopes, such as the alkyl nitrates 
or nitrites (Sims [78, 1928]), can be explained in the same 
way. 


III. RESEARCHES ON THE FURTHER 
STAGES OF COMBUSTION 

Combustion generally includes ignition, but it is prac- 
tical to separate the combustion during the ignition lag, 
or the pre-flame combustion, from the further stages, 
which will be called henceforth ‘combustion’. It will be 
considered that the ignition stage is over when the flame 
has been formed. Thereafter, differences in chemical struc- 
ture such as influence the velocity of reaction during the 
ignition period appear to be no longer of importance, as 
the activity of the fuel under flame conditions, as far as 
present knowledge goes, seems to be more than sufficient, 
even for the present-day engines of the highest speeds^ 
provided an adequate mixing process is available (Ricardo 
[60, 1931]). 

We will now consider A: Analysis of combustion, and 
B: Influence of various factors on the velocity and com- 
pleteness of combustion. 
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A. Analysis. lation, however, may not be entirely excluded, particularly 


The two main lines of thought are, as for ignition: the 
fuel is mainly in the liquid or in the vapour phase during 
combustion. 

Whereas Tausz [79, 1924] holds the view that the violence 
of the explosion of the peroxides leads to a shattering of 
the droplets, Wartenberg [85, 1924] visualizes the travelling 
droplets each leaving behind a burning vapour trail; the 
drops may remain in existence, gradually diminishing in 
weight and density, throughout their combustion (Le Me- 
surier and Stansfield [47, 1932]). On the other hand, those 
who accept considerable evaporation during ignition lag and 
then inflammation of the vapours, logically point to the fact 
that evaporation will be extremely intense in the presence 
of the flame (Rothrock and Waldron [70, 1932], Boerlage 
and Broeze [12-14, 1932-5]), and they consider that evapora- 
tion will be over before the end of combustion, unless some 
fuel has struck a cold wall. The main difference between 
the two lines of thought lies in the importance attached 
to the influence of more or less evaporation on spray 
formation. 

In regard to the chemical reactions which constitute the 
combustion of the fuel, there are different opinions. The 
complicated hydrocarbon molecules may react with oxygen 
in two ways, viz. by hydroxylation and by destructive 
combustion, both of which lead to the final products 
CO 2 and H 2 O. Hydroxylation (Bone and Wheeler [16, 
1902-3]) is a sequence of reactions starting with the 
removal of H atoms in end positions and leading to the 
formation of alcohols, aldehydes, and acids of decreasing 
number of carbon atoms until the molecule has been 
consumed. Destructive combustion involves a complete 
decomposition of the oil molecule by the heat of the flame 
followed immediately by reaction of the fragments with 
oxygen, an old theory treated by Aufhiiusser [4, 1928] and 
Rice [63, 1931]. Actually there may be ‘a race between 
thermal decomposition and hydroxylation’ (Haslam and 
Russell [27, 1926]); Sass [72, 1929] suggests partial decom- 
position followed by hydroxylation of the fragments. 
The conditions for hydroxylation are most favourable when 
the fuel, being well mixed, is healed gradually to flame 
temperature; in this case the flame is almost colourless or 
blue. Such combustion is found in surface-oil burners 
(range-burners, blue-burners for heating purposes), and in 
gas- and carburettor engines. The conditions for destructive 
burning are most favourable when the fuel is suddenly 
exposed to flame temperature, particularly when still un- 
mixed with air; the yellow-white flame is caused by the 
presence of free carbon. The latter may also cause the 
flame to soot when the mixture is over-rich in hydro- 
carbon, or when a certain temperature is maintained, since 
free carbon has a definite temperature interval (about 
I,2(X)-1,5(X)'^ C.) in which it is practically insensitive to the 
attack of oxygen (Meyer [50, 1932]). Such combustion is 
found in the majority of oil burners employing no other 
preparation of the fuel than pulverization. There is also 
evidence from flame photographs that the normal com- 
bustion by hydroxylation in the gas or petrol engine 
may turn into destructive burning, at least for part of the 
charge. 

The fact that compression-ignition engines have a very 
radiant flame (Bird [7-8, 1926-7], Rothrock [70, 1932]) and 
a definite tendency to soot, when the mixture is locally 
too rich under conditions of overload or bad mixing, 
appears to substantiate the view that in these engines 
combustion is mainly of the destructive type. Hydroxy- 


when thorough mixing (under conditions of strong 
turbulence and long ignition lag) is assured. 

The addition of water-vapour has served in old types of 
semi-Diesel engines to increase the power. The action of 
this water has been explained by Sass [72, 1929] as due 
to its effect on the dissociation equilibrium, which would 
lead to a more complete combustion to CO 2 than would 
otherwise be possible; Le Mesurier and Stansfield [46-7, 
1931-2] contend that the effect of water addition is merely 
that of cooling the hot bulb, thereby preventing the too 
early ignition (pre-ignition) to which these engines with 
their early injection liming and unstable temperatures are 
prone. Whilst this is undoubtedly an important function, 
the point must be particularly stressed that addition of 
water also influences the chemical process in the direction 
of hydroxylation. This was found in early Russian oil- 
burner practice, when the beneficial effect of steam in burn- 
ing mazout was discovered. It is easily demonstrated that 
a sooting lamp immediately becomes soot-free and less 
radiant when some water-vapour is introduced through the 
air holes of the chimney (unpublished test of H. Romp); 
this fact throws another light on the result obtained by Le 
Mesurier and Stansfield, who found [46, 1931] that addi- 
tion of water materially reduced a heavy carbon formation, 
which was ascribed to a scouring action of the liquid 
water. In practice the application of water in engines is 
attended by many difficulties. 


B. Influence of Various Factors on the Velocity and the 
Completeness of Combustion. 

Considerations of power, fuel economy, carbon deposits, 
exhaust smoke, and smell all urge towards the highest pos- 
sible velocity of reaction. It might be feared that a too 



Fig. 13. 


rapid pressure rise would lead to ‘knock’, and vibration 
of structural parts of the engine, but in C.I. engines 
infinite reaction speed would lead to the ideal combustion 
diagram. Fig. 13a, where the rate of pressure rise is entirely 
under control of the engine designer, the fuel burning 
completely and without losses as fast as it is being injected. 
In reality, as is shown in Fig. 13^, the reaction speed 
is never infinite, so that combustion always lags behind the 
theoretical curve, producing four phases: (1) ignition lag, 
(2) inflammation of fuel present, (3) combustion of fuel 
injected farther, (4) after-burning (Fig. 13). 
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Two cases may be considered : according as the lag may 
be longer or shorter than the injection time. 

(a) The lag is longer than the injection time. When all 
the fuel has been injected before the combustion sets in, the 
pressure rise shows an accelerating reaction velocity due to 
the rising temperature, up to a point where it decelerates 
again. The maximum rate of combustion is determined, 
when the mixture is perfect, by the rate of heat transmission 
from the flame to the unbumt mixture and the com- 
pression of that mixture by the burning gases. This is 
not altered by the fact that the unbumt mixture is in a 
condition to ignite if left by itself for some time (Sass 
[72, 1929]), except that it requires less external heat to 
bring each subsequent part up to flame temperature. It is 
known, further, that fuels unable to ignite by themselves 
can bum satisfactorily in engines when a pilot flame of 
self-ignitable fuel has been provided (the war-time use 
of coal-tar oils may be noted; vide various papers for the 
Diesel Engine Users Association, 1916). 

In a particular and very important case the rate of heat 
transmission from the flame to the unbumt mixture may 
be too low, so that late and incomplete burning occurs, 
viz. in the neighbourhood of cold walls of the combustion 
chamber. Incomplete combustion is then caused by ‘chil- 
ling’ the reaction; aldehydes (Thiemann [81, 1929]) and 
blue vapours in the exhaust are the result. Boerlage [10, 
1930] and Bouman [17, 1933] report on varnish-like de- 
posits on cylinder walls as a result of freezing reactions. 
This varnish is probably a polymerization product of alde- 
hydes and unsaturated cracked material. 

When the mbeture is imperfect, as is usually the case in 
oil engines, the rate of combustion will be further limited 
by the rate at which fuel will continue to find oxygen. The 
state of the mixture at the moment of inflammation is 
therefore a factor determining the maximum rate of pres- 
sure rise, which explains why the latter increases at first 
with the ignition lag (Le Mesurier and Stansfield [46, 1931], 
Boerlage and Broeze [11, 1931]) and with turbulence (Ri- 
cardo [60, 1931]). Rothrock [67, 1934] also draws attention 
to the fact that a very short ignition lag in his motored 
bomb apparatus reduced the rate of burning as well as the 
efficiency of combustion, which he ascribed to the imper- 
fection of the mixture soon after the beginning of injection. 
Whilst his conclusion about the rate of burning can be 
accepted, the diminished efficiency of combustion needs 
some further explanation. 

{b) The lag is shorter than the injection time. This is 
the usual case; the pressure curve is complicated by a 
branch (Phase 3, Fig. 13Z;, Ricardo [59, 1931]) which may 
closely follow part of the ideal combustion curve and is 
caused by fuel introduced after the flame has been formed, 
so that it burns rapidly as it enters the combustion chamber. 
After this phase, however, combustion decelerates. 

We propose to call the decelerating combustion after the 
bulk of the fuel has been burned in both cases {a and b) 
‘after-burning’. After-burning is harmful because heat is 
developed later in the expansion stroke, and therefore less 
efficiently. The temperatures during the after- burning 
period are so high that the deceleration cannot be ascribed 
to insufficient activity of the fuel. After-burning becomes 
worse with increasing quantity of fuel injected, and is 
noticeable by a decreased ratio of power to quantity of fuel 
or to the percentage of air used (Dicksee [23, 1932]); it 
may be due to three causes; (1) dissociation, (2) imper- 
fection of the mixture, (3) the above-mentioned chilling of 
the combustion by contact with cold walls. 


(1) Dissociation, At high temperatures there is an 
equilibrium amongst the reaction products whereby they 
remain partly unburned until some temperature drop due 
to expansion has set in. It is known that for the com- 
bustion of hydrocarbons in petrol engines this dissociation 
is of importance (Pye [58, 1931]), but there are at present 
no data on this point for oil engines. Given a theoreti- 
cally correct mixture, the combustion temperature in a 
high-compression oil engine would be higher than in a 
petrol engine, so that even more dissociation would be 
expected; on the other hand, it is not usually possible 
to work with fuel quantities near the correct mixture in 
oil engines, so that these maximum temperatures are 
usually lower. Dicksee [23, 1932] has suggested the pos- 
sibility of dissociation accounting for after-burning in an 
engine with an unusually low air excess. Still, the second 
cause has an influence so far-reaching that in the writers’ 
opinion Dicksee’s suggestion cannot yet be unreservedly 
accepted. 

(2) The Imperfection of the hiixture. This may consist 
either in (at) too slow evaporation of big drops (defective 
micro-mixture) or (j8) in faulty distribution (defective macro- 
mixture). 

(a) Too slow evaporation may be expected from fuels of 
low volatility (residues), which at the same time usually 
have a high viscosity which impairs pulverization ; such 
fuels are liable to combustion difficulties (Bass [5, 1927]). 
It is known, however, that under suitable conditions heavy 
residual fuels will yield very nearly the same efficiency as 
light fuels of the gas-oil type (Hubendick [34, 1928]), which 
shows that too slow evaporation per se cannot be held 
responsible (Boerlage and Broeze [13, 1934]). More im- 
portant is the slow evaporation resulting from over- 
penetration of fuel on cooled walls of the combustion 
chamber (Thiemann [81, 1929]). Le Mesurier and Stans- 
field [47, 1932] point to the coloured exhaust obtained 
with a fuel of low volatility, which they ascribed to over- 



Fig. 14 . 


penetration. This over-penetration is partly a distribution 
fault; it is extremely difficult, however, to avoid it entirely, 
and it is good practice to allow walls against which fuel 
may be sprayed to attain relatively high temperatures, such 
as shielded pistons (Hesselman [30, 1923]), uncooled piston 
crowns surrounding the entire combustion chamber (Dox- 
ford, 1916-17; Keller [37, 1928]), and heat-insulated cham- 
bers (Ricardo [61, 1931], Fig. 14). However, the heating of 
metal parts which are wetted by fuel may lead to carbon 
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formation (Sass [72, 1929], Le Mesurier and Stansfield [47. 
1932]). 

The authors’ opinion is that temporary deposition of 
fuel occurs in all oil engines to a far higher degree than is 
usually believed and that good scavenging will burn any 
carbon resulting from decomposition, whereas Sass mentions 
a metal temperature of 550" C. to be dangerous in respect 
of causing carbon. Engines with suitable turbulence may 
attain metal temperatures of 600" C. and higher without 
any carbon deposition whatever (Doxford piston, Keller 
[37, 1928]; Ricardo venturi plug). 

The volatility of the fuel causes temporary deposition of 
carbon to be difficult to recognize as long as relatively light 
fuels are used, only slight after-burning being discernible. 
Besides the volatility of the fuel, the temperature of the 
walls and the turbulence already mentioned, the flame tem- 
perature has a profound influence on the velocity of 
evaporation of such deposited fuel. In a given engine at 
high loads this velocity of evaporation may be high, but at 
low loads under conditions of long ignition lag and a cold 
engine the burning may be slow, blue smoke being formed 
(Thiemann [81, 1929]), or even permanent deposition of 
carbon (Le Mesurier and Stansfield [49, 1934]) or of partly 
distilled fuel, which may give waxy or asphaltic products 
in chamber, cylinder oil, and exhaust manifold. Usually 
these deposits disappear after running on a higher load for 
some time. 

(jS) Faulty distribution may be regarded as the main 
stumbling-block to high combustion efficiency. Early in- 
vestigators described the difficulty of finding the right com- 
promise between dispersion and penetration of the fuel jets 
(Hawkes [28, 1920], low speed; Taylor [80, 1928], high 
speed), a difficulty which is only gradually being overcome, 
judging by the large amounts of excess air still quite 
often employed to ensure smoke-free combustion. Luckily 
the development of suitable supercharging apparatus 
has provided an easy means to obtain the filling of 
cylinders with large quantities of air, so that even with 
large excess of air a good output per cylinder is still possible, 
at least for the relatively slow-running class of engine. In 
this respect attention may be drawn to the fact that the 
development of high-speed supercharged engines is slow. 

As long as the excess of air is big enough, the influences 
of various factors on the distribution is very small indeed, 
the fuel economy of the engine being in a large way in- 
dependent of alteration of fuel quality and often even of the 
injection characteristics which influence spray formation. 
The most efficient engine under such conditions is generally 
that with little turbulence, implying low air resistance and 
low heat losses. For the utilization of larger proportions 
of the air leading to a high B.M.E.P. it is now generally 
recognized that some sort of air movement is indispensable. 

The dispersion of a jet cannot apparently be increased 
beyond a certain amount without seriously impairing its 
penetration, so that unless resort is had to a large number 
of nozzle holes, a transverse air movement is necessary to 
scrub the sprays and to provide their cores with fresh air 
(Hesselman [30, 1923]). In large engines the number of 
holes may reach 10 or more. Fig. 15, but on small engines 
too many small orifices are impracticable, besides causing 
too small a penetration. 

Lengthwise distribution of fuel, as has been shown, is 
influenced by oil pressure and viscosity and the pressure and 
temperature of the surrounding gases. The latter is particu- 
larly important, a fact to which attention has only recently 
been drawn. Two extreme cases can be considered : firstly. 


ignition after all the fuel has been injected, and secondly, 
immediate ignition. In the first case the fuel is sprayed into 
an atmosphere of air at, say, 600-800" C. and finds time 
for good bulk penetration, whilst in the latter case fuel is 
sprayed into flame gases of around 2,000" C., causing in- 
tensive evaporation, thereby diminishing bulk penetration. 
Thus, whilst the mixture at the moment of inflammation 
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improves with the lag, as has been mentioned before, 
mixture throughout the further phases of combustion 
will be different according to the different conditions 
for evaporation caused by the difference in lag. Rothrock 
[67, 1934] warns against too short a lag, whilst Boerlage 
and Broeze describe a case [14, 1935] of diminished com- 
bustion efficiency caused by too short a lag, which they 
attribute entirely to the phenomenon described above, 
viz. too rapid evaporation of the fuel sprayed into the 
flame, which results in too little penetration. This pheno- 
menon is of particular interest for high-speed engines, 
in which the ignition lag may vary with load, speed, and 
type of fuel used over large percentages of the injection 
time. Thus, apart from the optimum spray formation 
as given by the injection mechanism, there is an optimum 
ignition lag which provides the best mixture and thereby 
the most efficient combustion. This point has since been 
substantiated on different types of engine. Too rapid evapo- 
ration may also be caused by heating of the spray by hot 
surfaces, a fact to which Hawkes has drawn attention 
[28, 1920]. Apart from insufficient penetration, evapo- 
ration may also affect the ‘scrubbing’ by the air swirl, so 
that also the transverse distribution of fuel is dependent 
on the conditions which govern evaporation, and so on 
the ignition lag. The fact that low-speed engines, in 
which the lag is usually only a small portion of the 
injection time, do not seem to be affected by the above 
phenomena has been used as a criticism against the 
correctness of these views; this does not appear to be 
substantiated, as, firstly, with a lag that is very short the 
spray can probably be arranged to have a very high pene- 
trating power, and secondly, no low-speed engines are 
known to the authors which give good combustion effi- 
ciency with a low excess of air. Possibly this is the very 
cause of the fact, which Ricardo mentions [59, 1931], that 
the R.A.E. research [80] led to high-speed results soon 
surpassing all low-speed results. 

The difficulty of providing all the air with a sufficient 
dose of fuel without overdosing some of it, when spraying 
the fuel in still air, has led to the adoption of turbulence, 
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the function of which is to intermix portions of the air 
charge containing under- and over-doses of fuel. The rota- 
tional swirl has been mentioned. This cannot, however, 
correct mixture differences of parts off set along the circular 
path or in the direction of the radius of swirl, as in those 
directions no relative motion exists. For that purpose 
resort is had to indiscriminate turbulence, a disorderly 
motion of the air superimposed on the general air motion. 
This turbulence is usually caused by the piston advancing 
toward the cylinder cover over a large part of its surface 
and forcing the air out from the small space left over. 
Some applications are shown in Fig. 14, the Ricardo 
sleeve-valve, and in Fig, 16, the Gardner LW, engine, 
both being very efficient high-speed designs employing this 
‘piston squish* (Alcock [1, 1934]) superimposed on rota- 
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tional swirl. A recent development (Saurer, 1934) uses a 
piston so shaped that the ‘squish* does not result in in- 
discriminate turbulence but in regular movement of a 
toroidal character. This movement is also superimposed 
on rotational swirl. 

In engines employing natural air movement, the amount 
of movement has to be adjusted empirically to the injection 
characteristics to obtain optimum results (Hesselman [30, 
1923], Hintz [31, 1926], Ricardo [59, 1931]). 

The stronger the degree of turbulence the less the duty 
of the injection mechanism, so that lower injection pres- 
sures and simpler nozzles (single-hole nozzle, Ricardo [59, 
1931]) may be employed. Care has to be exercised, how- 
ever, in that turbulence increases heat losses (thereby pos- 
sibly heat stresses), and in the case of ‘ induction turbulence* 
(i.e. the turbulence caused in the air when this is being 
drawn in) may lead to a diminished volumetric efficiency. 

It is clear that turbulence may also correct the mixture 
to some extent if misadjustment of the injection mechanism 
occurs. A particular kind of disarrangement of the injec- 
tion occurs when carbon is being formed on the injection 
nozzles, Fig. 17 (a, b). This occurs frequently when using 
unsuitable fuels containing asphalt. It results in coarse 
pulverization and therefore over-penetration, which again, 
on account of the low volatility of such fuels, leads to 
serious after-burning and carbon deposits throughout the 
combustion chamber. Intensive cooling of the nozzles (Lc 
Mesurier and Stansfield [47, 1932]) appears to be the only 


effective remedy at present. It should be understood that 
the temperature gradient around a fuel nozzle is extremely 
steep and that nothing short of immediate contact of the 
cooling medium with the metal parts of the nozzle will 
ensure freedom of the trouble. This is achieved, e.g., by 
circulating fuel oil through a canal surrounding the nozzle 
piece; other constructions employing water are reproduced 
also in Fig. 18. 

The search for greater turbulence than could be obtained 
by the method described above, for greater freedom in 
the choice of wall temperatures and for the possibility of 
still simpler injection systems with low injection pressures, 
has led to the development of engine types in which com- 
bustion takes place in an auxiliary chamber instead of in 
the ‘open chamber* (Fig. 19^?). 

These engines arc called precombustion-chamber or 
ante-chamber engines if only a small auxiliary chamber is 
provided, the function of the ante-chamber being mainly to 
ignite part of the fuel and gasify it, whereupon it is expelled 
into the main chamber by force of the pressure generated in 
the ante-chamber (Fig. 196). There is nothing to suggest that 
the process of ignition m the ante-chamber is different from 
that in an open chamber; practical differences in the con- 
ditions are, however, firstly, that the temperature of the 
ante-chamber may be increased over those in an open 
chamber by suitable heat insulation, and secondly, that 
because of the small volume of the ante-chamber even at 
small loads all the air in it is used up, so maintaining 
its working temperature. The result is an ignition lag 
shorter than that obtainable in open-chamber engines (Le 
Mesurier and Stansfield [46, 1931]). At loads above that at 
which all the air in the chamber is used up, distribution of 
the remaining fuel is achieved by the turbulence created by 
the gases flowing out into the main chamber. Modersohn 
[52, 1927] found the energy available for distribution to be 
of the order of that of the blast air used in air-injection 
engines; moreover, the ante-chamber gases have a flame 
temperature which causes the fuel to be energetically 
evaporated and decomposed as well as distributed (Thie- 
mann [81, 1929]). It has been recognized that the fuel 
should be injected close to the orifice between the two 
chambers, so that as little as possible refnains in the ante- 
chamber after blowing-off; only rather recently has any 
advance been made in the shape and direction of the canals 
for the outflowing gases, so as to lead to higher power 
performance (Horiak [33, 1932]). 

Engines in which the main part of the air is compressed 
into the auxiliary chamber are called separate-chamber 
engines (Fig. 19c). The function of this chamber is not only 
to provide for the ignition of the fuel but also to allow 
for a large proportion of that fuel to be burned therein. 
Greater care must therefore be taken to ensure good dis- 
tribution in the chamber, which is attained in a prominent 
type of this class by introducing the air tangentially into the 
spherical chamber (Ricardo ‘Comet’ head, Oberhaensli, 
Perkins). 

Insulating the metal plug in which the throat between 
cylinder and chamber is machined leads also to its attaining 
high temperatures, which increase with load and speed, so 
that the ignition lag expressed in angle of rotation of the 
crankshaft does not increase with engine speed, as it does 
in the open-chamber engine, but is more nearly constant 
(Dicksee [23, 1932]). The high temperature of the metal 
piece may avoid ‘freezing* of the reaction of fuel sprayed 
against it (Ricardo [62, 1932]), thus avoiding acrid exhaust 
fumes and serving to evaporate fuel (Neumann [56, 1932]). 
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It must be recognized that in order to obtain the low air 
excess figures of which these engines are capable (Dicksee 
[23, 1932], Neumann [56, 1932]) at high loads, part of the 
combustion must take place in the cylinder space. The 
same care must therefore be taken as in the ante-chamber 
engine to ensure firstly, a supply of fuel to the passage 
leading to the cylinder, e.g. by injecting towards a point 
near the exit of the chamber (Ricardo [62, 1933]), and 
secondly, a well-directed outflow. 

A third class of engine employing an auxiliary chamber 


is the so-called air-cell engine (Fig. \9d). In this type of 
engine, fuel is introduced in the main chamber, but part of 
it reaches the auxiliary chamber and burns therein, whilst 
the outflow of this chamber again causes a turbulence in 
the main chamber so as to aid distribution. A well-known 
example is the Lanova, Fig. \9d, Klaften [38, 1932] deals 
with the very intricate conceptions regarding the working 
of these types of engine. The exact mode of operation is by 
no means easy to understand and would carry us too far out- 
side the scope of the present article. {Concluded: June 1935.) 
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FOREWORD 

‘Knock’ in the Internal-combustion Engine is dealt with in this series of articles. The 
subject has been investigated in recent years from many points of view, not only 
because of its importance to the fuel industry, the engine designer, and the consumer, 
but also because of the peculiarity of the phenomenon. Investigators who have been 
associated with various developments in this subject have contributed to this series. 
The range of articles is such that most aspects of the subject are included in it, begin- 
ning with two general articles dealing more specifically with the present views held as to 
the nature of ‘knock’ and its prevention. The subjects are then arranged according to 
the discussion in the leading articles, so as to treat in order and in more detail slow 
oxidation processes, ignition, propagation of flames, and detonation in gaseous mix- 
tures, the study of which have led to advance of knowledge about the phenomenon. 
Then a series of articles describe the specific behaviour of various kinds of fuel and of 
‘dopes’, as investigated in various countries, followed by articles discussing the methods 
of knock rating of fuels, and the engineering aspects of knock as affecting the spark- 
ignition and the compression-ignition engines. 


A. C. E. 



1. GENERAL STATEMENT AS TO EXISTING KNOWLEDGE ON 
KNOCKING AND ITS PREVENTION 


By A. C. EGERTON, M.A., F.R.S. 

Professor of Chemical Technolo^}\ Imperial College of Science and Technology, South Kensington 


Introduction 

Internal combustion engines operate by the explosion of 
combustible mixtures which form the working fluid. The 
energy liberated by the combustion raises the temperature 
of the fluid, and pressure is exerted on the piston or moving 
part. In certain circumstances, depending on the fuel used, 
the character of the combustion changes, accompanied by 
a knocking sound. ‘Knock’ is the word which it is now ihe 
custom to use to denote this peculiar type of combustion. 
Sometimes ‘detonation’ is the expression used for the same 
phenomenon, but detonation usually refers to a type of 
combustion which is set up under rather different circum- 
stances, so the term ‘knock’ is preferable. 

‘Knock’ is mainly an engine phenomenon, though it 
seems possible to obtain a similar kind of combustion in 
a static charge in a pressure vessel [22, 1925; 38, 1928]. Its 
importance arises from the fact that its onset limits engine 
performance. Knock and pre-ignition have to be distin- 
guished: pre-ignition, since it is an ignition which precedes 
the spark and occurs too early in the cycle, is often attended 
with thumping noise, due to excessive pressure rise before 
the top dead centre is reached, but it is quite different from 
knocking. 

Not all fuels give rise to knock, and those that arc prone 
to knock vary greatly in degree. If a petrol engine is so 
arranged that the compression pressure can be varied while 
other conditions are maintained constant, the onset of 
knock will occur at different values of the compression 
pressure for different fuels. It is possible to find in this way 
the highest useful compression ratio (H.U.C.R.) for a fuel; 
but the values so obtained depend to some extent on the 
design of the engine, and on the conditions of speed, load, 
&c., under which it is run. Some values of H.U.C.R. are 
given in the following tabic as determined by Ricardo [54, 
1923] in the E. 35 variable compression engine, ignition 
and mixture strength being adjusted to give the highest 
efficiency: 

Test Engine, Ricardo E. 35 
Fuel ; H.U.C.R. 

Benzene 6 9 

(pre-ignition occurs) 

Cyclohexane 5-9 

Pentane . . 5-85 

Hexane . . 5-2 

Heptane . . | 3-75 

Conditions of test i 1,500 r.p.m. Full throttle 

30° ignition advance; 60° C. cooling 
water outlet. 


The power output of an engine depends on the volumetric 
efficiency and on the compression ratio, the fuel economy 
mainly on the compression ratio. As the compression ratio 
is increased, so the efficiency increases. Theoretically (on 
an air-standard basis) there would be 14% gain of efficiency 
for an increase of the ratio from 5 to 7 : 1 , and no such gain 
in efficiency can be obtained if, owing to the knocking 


characteristics of the fuel, the compression ratio cannot 
be raised. 

An ordinary fairly heavily built engine suffers knock 
without much harm though the efficiency falls off as the 
intensity of knock increases, and eventually pre-ignition 
sets in owing to carbon formation, heated plugs, and 
other troubles, occasioned by the continuance of ‘knock’. 
Wear may also be intensified. A high-duty engine, how- 
ever, such as used for aircraft, rapidly suffers from the 
effect of ‘knock’, and gumming, pitting, and seizure soon 
result. Intense local attack of the metal of the cylinder 
head sometimes occurs. Besides the noise associated with 
knock, the limitation which the fuel sets upon the engine's 
behaviour is thus very definite, and means of eliminating 
knock become of great importance. 

Fuels have been improved by blending of straight 
distillates from different localities, by the addition of 
cracked products or distillates from coal, or by doping with 
anti-knock compounds, with the result that the average 
compression ratio of engines has been gradually raised 
during the last 10 years at least half a ratio. Put in another 
way this means that about 2,000 million gal. per annum 
of petrol would otherwise have been wastefully burnt. 
Much depends, too, on the design of the engine cylinder 
head, on the position of the sparking-plugs, and on the 
methods adopted for advancing and retarding the ignition- 
spark; a suitably designed engine can work at a higher 
compression ratio and therefore provide a better efficiency 
than one using the same fuel but not designed to avoid 
knock. There is a limit, however, to the compression ratio 
which it is worth while to strive to attain for any particular 
type of engine. These matters are discussed in the section 
on ‘The Engineering Aspects of Detonation ’ (Article 17). 

Time and temperature are two important factors which 
inffuence knock. If the compressed gases are exposed to 
a high temperature for a long time before the flame reaches 
them, they will be in a condition to knock much more 
readily. So that the designer has to avoid a long travel for 
the flame, or pockets, and other conditions which can give 
rise to higher temperatures. Turbulence increases the rate 
of flame travel, and by reducing this time factor tends to 
allay knock. In a supercharged engine, for a given com- 
pression ratio the amount of supercharge is limited by the 
heat which can be removed from the cylinder to obviate 
such a temperature as would give rise to knock. If a better 
fuel is available, an increase in the amount of supercharge 
has more effect in increasing the power output than an 
increase of the compression ratio, provided the heat can 
be removed from the cylinder. 

There will be occasion later in this article to refer to 
the effect of the concentration of the fuel in increasing the 
oxidation of a hydrocarbon, but it may be remarked here 
that although enrichment of the mixture may under certain 
circumstances give rise to knock (in accordance with the 
greater tendency of the fuel to oxidize), yet a rich mixture 
may be associated with cooler running of the engine and 
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therefore to a decreased tendency to knock. So that there 
are here two effects of the enrichment which operate in an 
opposite manner, and it will depend on circumstances 
which effect predominates. 

It is of obvious importance to be able to assess the knock- 
ing tendency of a fuel. But there are great difficulties. The 
reason for those difficulties will be obvious from what 
follows in this and other articles. The same fuel does not 
behave in the same manner in different engines in which 
the fuel mixture may be exposed to somewhat different 
conditions. Therefore, however carefully the fuel may be 
compared with a standard fuel in a particular engine, its 
comparative behaviour may be different in another engine. 

It has been found that the determination in a variable 
compression engine of the compression ratio at which 
knock becomes audible (critical compression ratio) docs 
not give very consistent results, partly because of the diffi- 
culties of measurement of the audibility and partly also 
because of the fact that the moment when feeble knock first 
occurs is sensitive to change of conditions. Co-operative 
efforts, therefore, have been made to standardize the 
methods of rating the knock tendency of fuels ; a full account 
of these is given in this series (see Article 15 by Campbell 
and Boyd, and Article 16 by Stansfield). A variable com- 
pression engine (known as the C.F.R. engine from its de- 
velopment by the Co-operative Fuel Research Committee) 
has been designed specially for knock rating. The genera- 
tor to which it is coupled absorbs the load and controls 
the speed. A bouncing-pin (cf. Article 15) acts as an 
indicator of the intensity of knock. When owing to the 
shock of the knock the pin bounces from the diaphragm on 
which it rests it causes an electric current to pass through 
a small resistance, the change of temperature of which is 
recorded by a thermo-couple connected to a millivoltmeter. 

Fuels are matched one against another to give the same 
intensity of knock and are referred to a standard scale 
called the octane scale. This scale is based on the knock 
provided by a series of mixtures of 2 pure hydrocarbons, 
//-heptane which has high knocking tendency and iso-octane 
(2,2,4-trimethylpcntane) which is a fuel which would only 
commence to knock at a high compression pressure, so 
that most fuels come within the range of the knock rating 
of these two pure hydrocarbons. An octane number of 70 
means that the fuel when tested in the C.F.R. engine under 
standard conditions gives the same intensity of knock as 
that given by a mixture of 70 volumes of octane and 30 
volumes of heptane or by a fuel which has been chosen as 
a subsidiary standard which gives the same knock rating as 
the 70% iso-octane, 30% //-heptane mixture. The octane 
number has no real significance unless the engine and 
conditions of the test are rigorously specified [21, 1935]. 
The engine conditions chosen for the test, in what is known 
as the ‘Research Method’, are speed 600 r.p.m., full load, 
spark advance for maximum power, mixture ratio for 
maximum knock, and jacket temperature lOO"" C., while the 
knock intensity is that obtained when the compression 
ratio is raised 1 ratio above that for the first audible 
detection of knock. 

Owing to differences between the behaviour of different 
fuels and the reference fuels at different speeds, different 
jacket temperatures, different mixture ratios, &c., it could 
hardly be expected that knock ratings obtained in the 
above manner could tally with observations of knock which 
are made in many different engines in the variable condi- 
tions encoimtered on the road or in the air. Efforts have 
therefore been made to find the conditions of test which 


most nearly correspond to average conditions on the road. 
The outcome has been to develop the ‘Motor Method* of 
test, in which the speed is raised to 900 r.p.m. and the 
mixture instead of being unheated has its temperature 
raised to 149" C. The correlation of the results obtained 
by this method with average results on the road is better 
than by the ‘Research Method’; details are given in the 
sections concerned, in which also the many difficulties are 
discussed. The correlation is fairly satisfactory considering 
the difficulties. 

One difficulty that may be referred to is that for fuels 
containing large proportions of olefines, aromatics, or 
alcohols, or for doped fuels, the comparison of knock 
rating with a heptane { octane mixture has to be accepted 
with caution, because although a mixture of naphthenic or 
paraffinic fuels with //-heptane might behave similarly to 
heptane + octane mixtures in such a way that 70% of the 
fuel of octane number 80, mixed with 30% of heptane would 
have an octane number 56, yet 70% of a blend with one of 
those other fuels might have quite another octane number; 
in fact, aromatic blends increase more rapidly and olefine 
blends less rapidly than linear relationship demands: the 
latter only holds approximately for blends of fuels which 
are mainly paraffinic (see Garner and associates [24, 1933]). 

Such difficulties become more pronounced for high-rated 
fuels. Nowadays the tendency is to produce fuels, particu- 
larly for high-duty aircraft engines, which have octane 
numbers of 100 or over, and further work will need to be 
done before suitable methods of knock rating are developed. 

With a view to this, Evans, Dodds, and Garner [21 , 1935] 
have correlated the octane scale, with the maximum cylinder 
pressure in the engine, when combustion is just not such 
as gives rise to knock. The pressure is determined by an 
oscillograph indicator or by a special maximum-pressure 
indicator. Ordinary fuels used in engines with H.U.C.R. 
about 5 5 have octane numbers about 65 to 70. A difference 
of 10 in octane numbers between 50 and 60 corresponds to 
a much smaller change in compression ratio than the same 
difference for high octane numbers. Although the maxi- 
mum cylinder pressure increases rapidly with the octane 
number, the change in pressure has a definite meaning, 
which is more than can be said of the change of octane 
number. The ‘pick-up’ unit which actuates the oscillo- 
graph so as to provide a measure of the pressure in the 
cylinder may indeed eventually provide satisfactory means 
of estimating incipient knock. 

The methods of testing fuels for aircraft engines have 
been either similar to those adopted in the ‘ Motor Method ’ 
with minor modifications, or dependent on measurement 
of the heat developed when running on different fuels in 
similar circumstances in a suitable engine. (See Article 14 
on ‘ Researches on Detonation in France’, by P. Dumanois, 
and Article 15 on ‘ Measurement of Knocking Characteris- 
tics of Automotive Fuels’, by Campbell and Boyd.) 

Knock also has a bearing on the behaviour of the fuels 
used in the compression-ignition class of engine; in those 
engines, the fuel is injected at the end of the compression 
stroke into the cylinder or into the combustion chamber 
communicating with the cylinder. The air is heated by the 
nearly adiabatic compression and the injected fuel is 
brought to ignition by the heat received from the air or 
from the hot walls of the combustion chamber. There is 
a definite delay before the fuel ignites, occasioned to some 
very slight extent by the time taken for the fuel to be heated 
but more particularly by the time which the oxidation 
reactions leading to ignition take to accelerate. A short 
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delay is an advantage provided the rate of rise of pressure per sec., though this figure is not known for certain), and 

IS not too rapid. It is found that there is a very definite the local pressure rise is very great, so great that shock 

connexion between the suitability of a fuel for the com- waves are set up travelling back and forth through the 

pression-ignition engine and the knocking behaviour in a burnt products. These compression waves give up some 

petrol engine. Those fuels which knock badly in a petrol of their energy to the metal walls and produce sound waves 

engine, pve short ignition delay in the C.I. engine. A in the metal which when communicated to the outside air 

straight line relationship between the cetene number of the account for the audible knock. This description of what 

fuel and the reciprocal of the octane number has been happens is the result of visual and photographic observa- 

obtained. (See Article 14, also Article 18, by Boerlage and tions [25, 1930; 37, 1927; 68, 1931 ; 72, 1934] (see p. 2915). 
Brocze.) Cetene, a heavy olefine (Ci^Haa), gives a short If as first discovered by Midgley [39, 1920] a small 
delay and when mixed with mesitylene (C9H12) or 1 -methyl quantity of lead tetraethyl is added to the fuel, this burst 

naphthalene (CjiHjo) or other fuel giving a long delay and of flame and the knock which accompanies it are pre- 

therefore poor ignition characteristics, provides a reference vented, though the velocity of the flame in the cylinder is 

scale against which to refer the ignition characteristics or very little changed. Nevertheless this lead compound itself 

delay of a Diesel fuel using a specified type of test engine, readily explodes, while other anti-knocks are known, such 

much in the same way as the octane scale was constructed as iron carbonyl, which are highly inflammable. What is it 

as a reference scale for knock rating of petrol fuels. that -causes this sudden violent type of combustion in the 

In the combustion of a Diesel fuel when the rate of rise engine and why is it that explosive and highly inflammable 

ot pressure is high, the knocking sound is very distinct and substances stop, rather than enhance, the violence? These 

is no doubt due to compression waves occasioned by the are questions which have aroused much curiosity and so 

combustion. This will be referred to at the end of the article. account for the many investigations which have been made. 

These introductory observations arc perhaps sufficient to As a result of the researches of Tizard and Pye on the 
indicate the practical importance of ‘knock’ in its relation adiabatic ignition temperatures of hydrocarbon fuels [60, 

to engine performance, and to direct attention to the 1922; 1926] and their observations on the delay accom- 

methods adopted for assessing the tendency of fuels to panying ignition, Tizard [59, 1921] had suggested in an 

knock, which is obviously a matter of great importance to interesting and early study of the subject that knock 

those industries supplying and using fuels for the internal was mainly an effect of temperature; if the temperature 

combustion engine. Naturally the aim has been to find coefficient of oxidation of the fuel is great enough, the 

means of preventing knock. This has been accomplished higher temperature would shorten ignition delay ahead of 

partly by blending fuels with other products of high octane the flame and might permit a portion of the mixture to 

number, partly by attention to details of engine design, and spontaneously ignite (cf. Article 5 for further details), 

also very largely by the discovery of anti-knock substances There was no obvious reason why very small quantities of 
(such as ‘ethyl lead’), small quantities of which when added lead tetraethyl should stop such an effect. It was also not 

to the fuel tend to prevent knock. It is, however, not only clear whether the effect of pressure was merely a conse- 

these practical issues that explain the lengthy, but by no quence of the elTect of increased temperature, 
means exhaustive, bibliographies of the literature of the During the several years following Midgley’s discovery 
subject which arc attached to these articles, but it is the of the effect of lead tetraethyl on knock a number of 

special scientific interest of the phenomenon of knock and investigations were made to elucidate its action and many 

of the behaviour of anti-knocks that is also responsible for suggestions were put forward, but it was not until about 

the many investigations which have been made. 1927 that it became clear that the processes of slow 

combustion which were going on in the mixture ahead of 
Combustion in Engines. the flame were of special importance (cf. Moureu, Dufraisse, 

What happens to the combustible mixture drawn into and Chaux [42, 1927], Callendar, King, and Mardles [8, 

the cylinder of a petrol engine? The mixture of fuel and 1927], Egerton and Gates [15, 1927]. From those inves- 

air is first compressed; at a certain moment nearing com- tigations it was supposed (Egerton [13, 1928]) that knock 

pletion of the compression stroke the spark passes through was due to ‘inequality in the condition of the charge in the 

the mixture, and then after slight delay the flame travels engine cylinder set up in regions of high pressure and 

through the compressed gas at a speed depending on a temperature, providing regions of high energy, containing 

variety of factors: the nature of the combustible mixture, molecules in high energy states where reaction can spread 

the extent of turbulence, the shape of the space in which more quickly’. Only such hypotheses postulating centres 

the mixture is confined, the temperature to which the of high reactivity in the combustible gases just prior to their 

charge is brought by compression and by contact with ignition have survived subsequent investigations, 

the walls of the cylinder. The rapid bluish flame burns the The difference [36, 1930] in the views of Moureu and of 
mixture as it courses through it; the burning takes place Callendar and their associates, on the one hand, and those 

in the narrow flame front, and the burnt products reach of Egerton and Gates, on the other, at that time, was that 

a high temperature thereby causing a very rapid rise of the former considered that the accumulation of peroxides 

pressure; the energy is utilized during the expansion stroke, of the fuel was sufficient in itself to account for knock by 

the pressure being exerted on the piston. their sudden detonation en massCy whereas the latter. 

If for some reason conditions change, for instance sup- applying to hydrocarbon combustion the theory first put 

pose the compression pressure be increased a little, or the forward by Semenof to account for the oxidation of phos- 

speed of the engine be diminished on account of increase phorus, suggested that the decomposition of the primary 

of load, knocking may set in. As before, the flame burns products of reaction caused a larger number of chains of 

the mixture at much the same speed, but at the end of the reacting molecules to be started in a given time, 

flame travel there is a sudden burst of more intense flame The relation of the phenomenon of knock to the chain 
of whiter hue. The velocity of flame in the region where theory of reaction is dealt with in more than one article of 

knock is initiated increases enormously (to above 300 m. this series, so it is unnecessary here to elaborate what is 
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meant by a chain reaction (see Articles 2, 3, and 4, and 
also the article by Newitt and Townend on ‘Combustion 
Phenomena of Hydrocarbons’ in Section 4). In this general 
article, it may be necessary to refer to some of the same 
points as are dealt with in those articles, but rather from 
the point of view of indicating what has yet to be learnt, 
than of elaborating the connexion between the chain 
mechanism of reactions and the phenomenon of knock. 

Flame Propagation. 

Before considering in more detail those combustion pro- 
cesses which give rise to knock, some reference must be 
made to the various ways in which gaseous mixtures bum. 
Certain sections have been included in this series which 
deal with flame propagation and detonation, because it is 
necessary to study the behaviour of flame travel in arriving 
at a clearer view of the nature of that type of combustion 
which knock constitutes (see Articles 8 and 9). 

A flame is propagated very differently according to the 
freedom offered to the burnt products. A mixture which is 
ignited at the open end of a tube so that the products from 
the flame can expand without rise of pressure will usually 
propagate flame at uniform speed for some distance along 
the tube towards the closed end; whereas in a mixture 
which is ignited at a closed end so that the products cannot 
escape, the pressure rises and the flame accelerates. In fact, 
the behaviour of a flame ignited under constant volume 
external conditions in a closed tube is very different from 
that ignited under constant pressure external conditions; 
the nearest approach to the latter experimentally is in the 
soap-bubble method used by Stevens [58a, 1926]. The 
rate at which flame travels depends on a variety of factors, 
such as the thermal conductivity, the composition of the 
mixture, and the heat of the reaction; it is also influenced 
by the environment and by conditions which change the 
density of the mixture. The rate of flame travel cannot 
therefore be readily predicted, though some advance 
towards this end has been made [47, 1915; 33, 1934]. 

In some circumstances, a flame neither runs at constant 
speed nor at some continuously increasing rate, but will 
take a vibratory form of propagation. The amplitude may 
become locally very great, producing large difference of 
density so that the flame ceases to be propagated even after a 
sudden rapid enhancement of velocity. These vibratory and 
jerky flames, though exaggerated by the effects of resonance 
due to the shape of the container or tube, probably have 
their origin in the chemical nature of the reaction; the rate 
of propagation of combustion may not be an entirely 
uniform process, but one in which the rate may increase 
in certain regions amongst favoured molecules. Once 
irregularities arise, they quickly become enhanced due to 
local changes of pressure or may be to resonance effects. 

In mixtures of a certain composition, containing not too 
much diluent gas, after a prescribed length of flame travel, 
the type of combustion suddenly changes; detonation 
occurs, and thereafter flame is propagated at a very great 
speed. After the first rush of flame in the region where 
detonation is set up, the speed settles down to a uniform 
rate (speeds of 1,500 metres per sec. or more). This rate can 
be approximately calculated on the basis of Riemann’s 
theory of the propagation of a pressure discontinuity [11, 
1899; 29, 1905-6], knowing the specific heat of the pro- 
ducts, the energy change and the change in the number of 
molecules occasioned by the reaction. Flame proceeds at 
the same rate as the compression wave is propagated. It is 
possible to stop down and separate the combustion front 


from the compression wave [4, 1931], hindering thereby 
the progress of detonation; it is also possible to start the 
detonation wave when the compression wave is caught up 
by an advancing flame. Many interesting facts have been 
discovered about this detonating type of combustion, which 
have not yet been completely explained, amongst which 
may be mentioned the spin of the head of the detonation 
wave which travels in a spiral path down a tube [9, 1926; 
5, 1935], 

There is little doubt that compression waves set up by 
the flame itself bring about conditions in which detonation 
may occur [5, 1935]; when the flame arrives in the denser 
region of the crest of a compression wave, there is a great 
enhancement of the reaction rate and the combustion is 
propagated as fast as the wave, which adiabatically com- 
presses the gas mixture as it passes through it. There is a 
certain limiting composition of the gaseous mixture which 
will no longer propagate a detonation wave [67, 1925], 

Attempts have been made [16, 1927] to test the effect of 
temperature and pressure on the change of position for the 
setting up of detonation in pentane mixtures contained in 
a steel tube (also on the velocity of detonation of acetylene 
and of pentane mixtures): it was concluded from those ex- 
periments that the mixtures used in engines are probably 
too much diluted with nitrogen to give rise to true detona- 
tion, even under the pressure and temperature conditions 
in the engine cylinder. But this does not imply that some 
process rather similar may not occur in a small localized 
portion of the gas exposed to extreme conditions. There 
could be no propagation of a detonation wave, for the bulk 
of the gas would have already been burnt, but the sudden 
burst of reaction in the small unbumt portion which under- 
goes the knocking type of combustion sets up compression 
waves which are propagated through the products of com- 
bustion, and these can be seen in the photographic records 
of knocking explosions in the engine cylinder. In a true 
detonation — a phenomenon of great violence — the thermal 
energy and activity of the products of the flame and 
the sudden adiabatic compression, which has its origin 
in the sudden release of energy, provide the conditions 
which suddenly activate a large proportion of the molecules 
into reaction; whereas in the case of knock it is only in the 
last portion of the gas to burn, which has already been 
exposed to oxidation and is in an already sensitized condi- 
tion, where the sudden burst of reaction occurs; no doubt 
the heat of the flame and the local compression contribute 
to the effect. Though similar perhaps in the nature of the 
molecular processes, which give rise to the sudden enhance- 
ment in reaction rate, detonation and knock are different 
as to the condition in which such enhancement is brought 
about. This difference is further demonstrated by the fact 
that anti-knocks do not delay the setting up of detonation 
in a tube, whereas they hinder the establishment of the 
knocking type of combustion [16, 1927] (cf. Article 9). 

When a mixture of combustible gas is fired in a bomb 
under pressure, an envelope of flame travels out from the 
source of ignition towards the walls; the shape of this 
envelope is influenced by the shape of the vessel and the 
convection currents which are set up. As soon as the flame 
reaches the walls, the rate of propagation of that part 
which is in the vicinity of the walls is checked, and the shape 
of the envelope is modified. The mixture continues to burn 
until the flame has swept through the whole gas. In a 
spherical bomb the moment of maximum pressure is closely 
coincident with the moment when the flame reaches the 
walls and all the gas is burnt. This is not quite so under all 
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circunistanccs, even with a spherical bomb, but in a vessel 
of cylindrical shape, or shape other than spherical, the 
moment of maximum pressure is not necessarily the 
moment when all the gas is burnt. In a spherical bomb 
just before maximum pressure is reached, the rate of pres- 
sure rise may become very great and conditions arise which 
lead not only to a vibratory flame but also to an explosion of 
the last part of the charge to burn which is very rapid and 
probably similar to a knocking type of explosion a more 
or less intense compression wave being propagated through 
the products of combustion [38, 1928; 41, 1935]. The rapid 
rate of pressure rise appears to be connected with the 
tendency of a fuel to knock, for those fuels which tend to 
knock badly give a rapid rise of pressure [10, 1929]. The 
rate of pressure rise depends on the reaction velocity, on the 
heat liberated and other factors, and a connexion with 
knocking tendency is not surprising (cf. Article 7 and 
article by Newitt and Townend, ‘Combustion Phenomena 
of Hydrocarbons’). 

Successful results have attended the visual observation 
and the photography of flame travel in the engine, the 
photographic records reveal how flame travels in the 
cylinder; a brief description has already been given on 
p. 291 3. The rate of flame propagation is greater than woulci 
be the case in a stationary mixture of the same composition, 
because turbulence assists the flame to burn the mixture by 
increasing the rate at which molecules are brought into the 
region of the flame. The shape of the combustion chamber 
also influences the rate of flame travel. The flame accele- 
rates at first, and subsequently decreases or remains fairly 
constant, while towards the end of the flame travel a sudden 
very great enhancement of the rate may occur, if the knock- 
ing type of combustion sets in. Sometimes the knock seems 
to be set up in more than one centre, and sometimes, it 
occurs slightly ahead of the flame. The rate of flame travel 
prior to the setting up of knock is much the same whether 
the mixture knocks or not. 

Through the courtesy of General Motors Ltd. and the 
publishers of The Automobile Engineer, photographs taken 
by Messrs. Withrow and Rassweiler, and by Rassweiler 
and Lloyd Williams of knocking explosions in an engine 
are here reproduced [72, 1934]. One engine (A) with which 
these photographic records were obtained was fitted with 
glass windows on both sides of the cylinder head (Figs. 1 



Fio. 2. Schematic diagram of combustion chamber A. 
S, Spark-plug location; W, Window. 


and 2); the other engine (B) was fitted with a glass window 
the whole way across the upper surface of the head (Fig. 3). 

The photograph (Fig. 4) gives a typical record of heavy 
knock using engine B: the first part of the flame-travel 
gives a faint record and the position of the advancing 
flame-edge has been marked by a heavy broken white line. 
The film must be understood to be travelling to the left. 



Fig. 3. Schematic diagram of combustion chamber B. S, spark- 
plug location; W, window; L, centre-line of window; I, intake valve; 
E, exhaust valve; C, combustion chamber. 


Where knock is set up, the record suddenly becomes very 
intense owing to the increase of the luminosity and the 
flame travels at great speed outwards from the point of 
knock; the pressure waves travelling back and forth are 
shown clearly by their effect in intensifying the luminosity 
of the combustion products. They are travelling at a speed 
of 8(X) or 900 metres a second. 

Wawrzinick [73, 1932] has shown that the frequency of 
the vibrations set up by the combustion of gases within 
a bomb are also set up in the metal and arc then trans- 
mitted to the external air. 

There is no evidence that, prior to knock, vibratory 
flames make their appearance in the gases which are in a 
turbulent state in an engine, as they do in quiescent mix- 
tures in bombs; the turbulence of the gases prevents such 
an occurrence. Similar vibrations to those obtained in the 
photographs of knock are seen on the pressure records 
(Fig. 5); as the seat of the pressure ‘pick-up’ unit was 
nearly the opposite end of the cylinder to the window, the 
peaks of the vibrations shown on the pressure record corre- 
spond to the minimum intensity of luminosity in the flame 
record. This and the following photographs were taken 
through the side windows using engine A. 

The three flame photographs 1, 2, 3 (Fig. 6) and the 
corresponding pressure records show a case of violent 
knock (no. 1), a case of less severe knock occurring when 
part of the combustion had already nearly reached the wall 
(no. 2), and a case when a very slight knock occurred well 
after most of the flame had reached the walls (no. 3). The 
movement of the particles indicates that the backward flow 
of the burnt gas is of the same order as the forward move- 
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ment of the flame, but when knock occurs there is a sudden 
movement of gas. It must be noted that the w'indow only 
views the last part of the charge to bum and does not 
depict the whole run of the flame which has a speed of 
about 55 ft. per second. 

The flame front may be complex and give rise to two 
knocks as Fig. 7 indicates. The shape of the flame and 
the depth of the flame along the line of sight have to be 
taken into account in interpreting these records. If the 
foremost portion of the flame front touched the end wall 
of the combustion chamber prior to knock, the last part 
of the charge to burn would be separated into two sections 
by a wall of flame and by the combustion-chamber walls; 
the record can be interpreted as the result of knock occur- 
ring in these two regions at slightly different times. 

The form of the flame front at the inception of knock 
and the shape of the combustion chamber influence the 
extent of the knock which occurs. Knock may occur 
after peak pressure because, owing to the rounded shape 
of the flame, a portion of the charge may be unburnt 
although part of the flame may have reached the end wall. 
The considerable differences observed from cycle to cycle 
are no doubt due to the irregularity in the shape of the 
flame brought about by differences of turbulence and of 
admixture. When severe knock occurs before any of the 
flame reaches the cylinder wall, then there is no evidence 
of multiple knock. 

It is noteworthy that anti-knocks such as lead tetraethyl 
have little effect in delaying the travel of flame of a mixture 
in a pressure vessel, unless the flame travel is slow and 
vibratory [16, 1927] and unless the anti-knock is already 
decomposed (and probably oxidized) prior to the arrival of 
the flame [34, 1931] (see Article 9, ‘Ignition and Flame 
Movement’ by G. B. Maxwell and R. V. Wheeler). 

These facts indicate that the processes which occur in 
front of the flame during the heating of the gaseous mixture 
by the flame, and which tend to accelerate the reaction and 
give rise to knock, arc hindered by the anti-knock but only 
when it is in the right form to be effective. The anti-knock 
has little effect on the normal rate of flame travel in the 
engine, certainly none on the setting up of true detonation 
in a detonating mixture and apparently very little effect on 
the adiabatic ignition temperature [51, 1927]. 

The above discussion establishes that knock is a result 
of intense compression waves occasioned by the enor- 
mously enhanced rate of combustion which occurs in the 
last part of the charge to bum when exposed to certain 
conditions of pressure and of temperature. If the rate of 
rise of pressure is great, the local concentration of reactants 
increases, and the loss of energy for a given volume is 
diminished, with a consequent rise in reaction rate. The 
temperature to which the gases are exposed not only 
influences the reaction rate but substances are evidently 
formed by slow oxidation prior to the actual arrival of the 
flame which affect the subsequent rate of combustion. To 
what extent such substances are produced as a result of the 
temperature of the flame itself or as a result of the hot sur- 
faces to which the gases are exposed cannot yet be exactly 
stated; but the facts that length of flame travel, temperature 
of valves, carbonized surfaces all favour knock arc signifi- 
cant in showing that it is not merely a matter of the effect 
of the temperature of the flame (see p. 2921). 

Combustion prior to Inflammation. 

This discussion leads to consideration of those processes 
which precede inflammation. What happens in that stage 


of the process of combustion corresponding to the heating 
from normal temperature up to such temperatures for 
which the reaction rate is rapid enough for inflammation 
to take place? 

It has only been in the last 10 years that detailed studies 
have been made upon what really happens when a gas like 
hydrogen combines with another like oxygen. The result 
of the reaction, its dependence on temperature and many 
facts about the reaction (like the temperature at which 
ignition could be expected to occur under certain circum- 
stances) were known well enough, but exactly how the 
various atoms proceeded to combine to form water under 
various circumstances was quite unknown and in spite of 
quite a vast recent literature recording extensive investiga- 
tions there is yet much to learn about the process. If the 
kinetics of the reaction 2 H 2 -f 02 -> 2 H 2 O are only partially 
elucidated, it is still less to be expected that the mechanism 
of such reactions as occur in the oxidation of hydrocarbons 
(e.g. CrH,! I 9-502 ^ 6CO2+7H2O) should be as yet fully 
understood. 

Bone and his associates (cf. article by Newitt and Town- 
end on ‘Combustion Phenomena of Hydrocarbons’) had 
investigated what was formed in the slow oxidation of 
such vapours as methane, ethane, ethylene, acetylene, &c., 
and though they proposed a mechanism known as the 
‘hydroxylation thcoi-y of hydrocarbon combustion’ where- 
in the several successive oxidation products were con- 
sidered as formed by the progressive hydroxylation of the 
hydrocarbon, the actual molecular mechanism was not 
precisely defined. This theory is successful in so far as it 
defines the nature of the products likely to be formed. The 
higher hydrocarbons are, however, fairly complicated 
molecules, so that not only the number of possible pro- 
ducts of oxidation are large, but the number of paths along 
which the reaction can proceed may be numerous. 

Before considering the oxidation of hydrocarbons, brief 
reference will be made to the simpler case of hydrogen. 
There are several ways in which hydrogen can be oxidized: 
(«) photochemical ly, (b) by photosensitization, with H, O, 
or OH atoms and radicals produced by active Hg atoms 
or other means, (r) by heterogeneous surface action, or (d) 
by homogeneous thermal reaction in the gas phase. 

(«) Photochemical investigations have shown that the 
absorption of light can give rise to oxygen atoms and that 
these in turn set up a reaction chain in which hydrogen 
atoms are also produced. The U.V. light absorbed has 
sufficient energy to dissociate the oxygen molecule, the 
oxygen atoms so formed start the chain reaction: 
Production of H atoms: Hg t 0-> H+OH 

Chain { | | 

IHA 1 i Ha 

The chief product is hydrogen peroxide; this appears to be 
formed mainly by the above mechanism, but many other 
processes [57, 1935] can occur some of which can stop the 
chain such as : 

o 1 0,->03 

OH f OH ^ HaOa or H.O \ 0 

HOa t HOa-vHaOa F O. 

OH fH0a~>H204 Oo. 

HO 2 and H are the chain carriers, being continuously 
reformed and bringing into reaction fresh oxygen and 
hydrogen molecules; this chain mechanism explains why 
a single quantum of light absorbed which can only produce 
two initial oxygen atoms, can provide a large yield of 
product. 
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(b) The photosensitized reactions are interpreted simi- 
larly, but the initial atoms and radicals are provided by the 
method of sensitization which gives rise to H atoms, O 
atoms, or OH radicals, e.g. Hg f Ha -> Hg+2H. 

(r) The heterogeneous reaction may be an actual chemical 
oxidation by some oxidizing agent, the mechanism of which 
would have to be separately investigated in each case, or it 
may be a reaction between oxygen and hydrogen adsorbed 
on the surface. 

(^/) Reactions which occur on the surface may give rise 
to products such as H atoms which can start a reaction 
chain, and in this way the homogeneous thermal reaction 
in the gas phase is probably started; for two streams of 
hydrogen and oxygen do not combine appreciably till much 
higher temperature unless a surface is present [1, 1930]. 
The chains probably start at the walls of the containing 
vessel and are also broken at the walls or by ternary col- 
lision in the gas. There is a critical pressure (at only a few 
millimetres pressure) below which at a given temperature 
the gases only react slowly, while above which instant 
reaction and explosion occurs, this region is bounded by 
an upper pressure limit, above which the reaction again 
proceeds at measurable rates [26, 1934]. 

These limit phenomena are explained by the branching 
of the reaction chains [56, 1935]. The velocity of reaction 
V Vu/(/3— S), where No is the number of reaction centres 
formed per second and ^ is the probability of the breaking 
of a chain and 8 the probability of the branching of a chain. 
If 8 then v becomes infinite and explosion ensues, and 
the lower pressure limit for explosion is reached when 
8 =- /?. (8 P) or (f) is the net branching probability, and if 
it is greater than zero, the number of reaction centres will 
increase exponentially, ^ (where /t is a constant and 
t is the time). If changes very rapidly, sudden explosion 
will occur for a very small change in conditions. The upper 
limit is explained by P becoming greater than 8, owing to 
breaking of the chains by triple collision in the gas phase; 
when /^ >8, the reaction is held in check in spite of bra. idl- 
ing and proceeds at measurable velocity. Ignition due to 
the branching of chains leads to a relation log /f" AIT-{- B 
for the dependence of the lower pressure limit on the 
temperature, but this is no criterion of a branching chain 
mechanism, for the same kind of expression is obtained for 
a pure thermal ignition — an ignition which is occasioned 
by the heat of reaction being unable to be dissipated sulli- 
ciently rapidly to prevent self-acceleration of the reaction 
rate. The ignition of hydrogen in the low-pressure region 
is explained by chain branching, that at higher pressures 
and temperatures can probably be accounted for by thermal 
self-acceleration. 

The kinetics of the hydrogen-oxygen reaction, as Hinshcl- 
wood has pointed out, can be interpreted if any chain-carrier 
Xq is formed which reacts with a molecule of hydrogen, 
thereby producing a chain carrier which in turn reacts 
with a molecule of oxygen and regenerates the carrier X^. 
Thus the chain scheme given for the photochemical reaction 
would be one which could satisfy the reaction kinetics of 
the thermal reaction: viz. 

O. 1 H-vHOa 

t i 

HjOa t H^HOa I Ha 

where the hydrogen atom is X^ and HOg is Xo. Whether 
the hydrogen peroxide is formed and subsequently de- 
composed, or whether H 20 -f- 0 H is formed in a single step 
is questionable. In the latter case OH+H 2 - > H 2 O+H, and 
the chain proceeds. If the necessary energy is available 


(26 cal) H2H-H02 may give 20H-f H, and this will provide 
the chain branching feature required for the explanation 
of the low-pressure limit. 

It is probable that the hydroxyl radical plays a pre- 
dominant role at higher temperature^, while the carrying 
over of activation energy from one reaction particle to the 
next (energy chains) may also become an important factor 
in determining the rate at which the reaction proceeds 
above the upper pressure limit. There are quite a number of 
elementary processes possible, and it is by no means certain 
yet what are the most favoured reactions particularly in 
those cases where traces of other substances such as NO 2 
are added and greatly affect the reaction rate. If this is so 
in the case of the simple hydrogen-oxygen reaction, exact 
knowledge of the more complicated hydrocarbon oxidation 
is further to seek. 

There are a very large number of hydrocarbons and by no 
means do they behave similarly, for instance, methane is 
very resistant to oxidation compared with /i-heptane, while 
neither the olefines nor the cyclic hydrocarbons behave in 
the same way as the paraffins, &c. Nevertheless there 
are certain general features about the combustion of hydro- 
carbons which make it possible to draw some general 
conclusions. 

Investigations have been made by observing: 

(a) Slow oxidation rates by flow methods or statically in 
bulbs. 

(h) Absorption and emission spectra of burning hydro- 
carbons. 

(c) Self-ignition temperatures under various conditions. 

Ul) Knock in engines. 

Brief reference to some results of these four different 
methods of investigation will next be made. 

ia) Investigations on the slow oxidation of methane, 
ethane, ethylene, acetylene, propane, propylene, butane, 
butylene, pentane, hexane, octane, benzene, &c., have been 
carried out, sometimes by flowing the gases through a 
heated tube and then examining the products, sometimes 
by analysing the gases after heating in a closed bulb for 
different periods of time. It is not possible to give here 
detailed results of such experiments (cf. Article 3 and 
article by Newitt and Townend on ‘Combustion Pheno- 
mena of Hydrocarbons’). 

There is a certain temperature at which each vapour will 
commence to oxidize fairly rapidly, but that temperature 
depends on the shape, volume, and material of the vessel, 
on the composition of the mixture and the rate of heating, 
&c. [32, 1927]. The reaction is generally preceded by an 
‘induction period’, the length of which is influenced by the 
nature of the surface and a variety of circumstances and 
can even be eliminated by addition of small quantities of 
aldehydes, or greatly extended by the addition of inhibitors 
(e.g. lead tetraethyl). The actual reaction rate is also 
dependent on the surface of the vessel, and on the con- 
centration of the reagents, and is influenced by the presence 
of accelerating or inhibiting agents, &c. The change of 
reaction rate with time provides an S-shaped curve, the 
velocity increases after the period of induction and then 
again falls off. The induction period which occurs in so 
many reactions, is explained, according to Semenoff, by the 
primary chain mechanism giving rise to an intermediate 
which in due course provides centres for the generation of 
the original chain; the branching factor 8 is small and (f> 
can therefore remain at quite a small value for some time 
before the exponential increase becomes considerable. The 
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diminution in rate towards the end of the reaction is due 
to the diminished concentration of the original substance 
and therefore of its immediate products. 

The characteristics of the reactions of hydrocarbon 
with oxygen or airfare definitely those shown by systems 
of reacting substances which possess a chain reaction 
mechanism; for instance, the influence of inert gas, the 
effect of walls or surfaces, the effect of pressure, the effect 
of concentration of reactants, the induction period, the 
chemiluminescence, and the effect of inhibitors a»-e all such 
as would agree with a reaction chain mechanism [50, 1932]. 
It must be borne in mind, however, that it is not only the 
oxidation of the initial hydrocarbon that occurs (as in the 
simpler case of hydrogen), but also the separate oxidation 
reactions of the various intermediate products, alcohols, 
aldehydes, &c., which are formed during the progress of 
the oxidation. A portion of these intermediate products 
may escape further oxidation and appear as final products; 
others may not survive. 

The combustion has an autocatalytic nature [15, 1927], 
for some of these products are found to accelerate the 
reaction of the initial hydrocarbon and earlier products 
(cf. Articles 3 and 13). It is known, for instance, that 
acetaldehyde very markedly influences the induction period 
and slow combustion of ethane and even that of ethylene 
at the lower temperature at which it reacts. The same is 
the case for the higher hydrocarbons; for instance, valcr- 
aldehyde greatly affects the oxidation of pentane [50, 1932]. 
It is quite possible also that some of the products act in 
the reverse sense as inhibitors of the main reaction ; phenols 
produced in the slow combustion of aromatic substances 
may have such an effect. Certain peculiarities regarding 
the combustion of benzene can be so explained. 

The actual products of oxidation of these various hydro- 
carbons, alcohols, aldehydes, peroxides, acids, CO, CO 2 , 
&c., have been determined in many cases with great care, 
and appear to fit the scheme already referred to, whereby 
the initial molecule of hydrocarbon is successively hydroxy- 
lated to give an alcohol an unstable dihydroxyl, an alde- 
hyde, and an acid; e.g. for ethane: 


CH, CH, CH, CHa CHa CHjOH 
I I I I I |->HaO-i-CO } HCHO 

CH, CHaOH CH( 0 H)aCH -0 CO. OH CO. OH 

^CHjOH/^ 

I -► CO + CH,OH 
CHO I 

CHa(OH)a 

->H, 0 +HCH 0 

HaO + CO 

/ /OH 

and HCHO -► HCO . OH -> CO< -> H^O + CO,. 

^OH 


One criticism which has been raised against this hydro- 
xylation theory is that since an aldehyde oxidizes more 
rapidly than an alcohol, the proportion of alcohol found in 
the products should be greater than that of the corre- 
sponding aldehydes, whereas at ordinary pressure the oppo- 
site seems to be the case. However, if the pressure is 
increased, the yield of alcohol becomes many times that 
of the aldehyde [45, 1932-3]. The variation of the propor- 
tion of alcohol to aldehyde with the pressure seems to 
indicate in the case of methane that the alcohol is formed 
by a reaction of higher order than the aldehyde and that 
the former is not therefore a primary product [28, 1935]. 
It may also be remarked that if an alcohol is the primary 
product of oxidation, if an inhibitor is used to delay the 


reaction and if it does so by destroying the effects of inter- 
mediates subsequently formed, then the inhibitor should 
have as great an effect on the oxidation of the alcohol as 
on that of the hydrocarbon; this does not appear to be so. 

Be these criticisms justified or not, the theory provides 
a broad picture of the successive attack of oxygen upon the 
molecule, though it does not provide a detailed explanation 
of the kinetics of the reactions which occur (cf. article by 
Newitt and Townend on ‘Combustion Phenomena of 
Hydrocarbons’; also Article 3). 

According to Beatty and Edgar’s experiments, in which 
heptane, octane, and various aldehydes were oxidized by a 
flow method, a terminal group of the hydrocarbon is first 
attacked by the oxygen forming an aldehyde which then 
gives CO and H 2 O and the next lower aldehyde and so on 
down to the simpler products [2, 1929, 1934]: 

RCH, } Oa-> RCHO hH.O 

RCHO + Oa-> R'CHO I CO I HaO, &c. 

In accordance with this, aldehydes and water and a little 
CO 2 appear to be the first products detectable on passing a 
hydrocarbon through a heated tube, followed by the CO 
which is associated with the oxidation of the aldehydes; 
H 2 O and CO 2 are the final products, the proportion of which 
increases with the temperature, but at the low temperatures 
many of the intermediate compounds are formed in quan- 
tity and escape combustion. Much depends on the initial 
composition of the mixture, and as a rule the 1 : 1 mixture 
is the most reactive, but the influence of excess of the com- 
bustible is greater than that of the oxygen, so that if the first 
step involves the encounter of a radical and oxygen, the 
second is probably the encounter of the resulting product 
with a hydrocarbon molecule. 

(b) Spectroscopic studies of the intermediate products 
formed during the slow combustion of hydrocarbons have 
been limited to the determination of the emission bands 
from low-temperature luminescent flames [57, 1935] and 
to the identification of bands due to those molecules which 
can absorb light in convenient regions of the spectrum [18, 
1933]. The luminescent flames from a variety of substances, 
hydrocarbons, olefines, ether, aldehydes, &c., all show simi- 
lar band structure which may be due to formaldehyde, or 
to a radical of similar structure and sufficient life. The 
absorption bands provided by burning hydrocarbons prove 
that formaldehyde and organic acids are formed and 
possibly also organic peroxides; hydrocarbons from 
butane upwards give another band (about 2,600 A.). This 
band appears to be due to the formation of certain oxy- 
genated ring compounds as secondary products [63, 1935]. 
Spectra of the high-temperature flames of burning hydro- 
carbons show the presence of OH, CH, and C~C radicals 
[6, 1928]. The luminosity which persists after the passage 
of flame seems to be due to the return of excited CO, to 
the normal state [70, 1931-2; 23, 1933]. This luminosity 
is greatly enhanced when compression waves pass through 
the products of combustion and increase the collision 
frequency and therefore the rate of return to the normal 
state. Observations of the infra-red spectrum of hydro- 
carbon flames have been made which indicate that most 
of the energy is radiated in bands due to CO, and H,0 
molecules and some from continuous radiation from 
particles of incandescent carbon. 

(c) Investigations of the ignition characteristics of hydro- 
carbons have been numerous and have led to interesting 
results. (Reference should be made to Articles 3, 5, 6, and 
7.) No attempt will be made in this article to detail the 
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Ignition characteristics of the various hydrocarbons, but 
some general deductions about the character of their com- 
bustion which arises from a study of ignition will be made. 
The ignition of methane was studied by Dixon from 1,000 
to 150 mm. pressure and by numerous other investigators. 
Neumann and Serbinoff [44, 1932] found three pressure 
limits for explosion, instead of two as for hydrogen, while 
for a higher percentage of methane the expression log 
AlT'\-B was followed down to quite low pressures. 

Many vapours bum with a cool flame at temperatures far 
below their normal inflammation-point; hydrocarbons 
show this effect and fog formation due to fairly high- 
boiling liquid products [24a, 1928] often accompanies the 
phenomenon. Prettre [44, 1932], whose article in this series 
gives fuller details and references, has shown that there is a 
temperature at which luminescence becomes detectable, and 
then a region of temperature in which actual cold flames 
are visible and again another temperature beyond wh.ch 
no such flames are produced. Relating to these phenomena 
are those which Townend and his associates [62, 1931] 
have found in experimenting on the effect of pressure on 
the self-ignition temperature of hydrocarbons and on the 
extent of the region of cool flames (sec Article 5). On let- 
ting hydrocarbon mixtures into a heated bomb, ignition 
may occur in a lower temperature region (250-350 ) or at 
a much higher temperature (500-600''), depending partly on 
the composition of the hydrocarbon mixture, but mainly 
on the total pressure. Only methane appeared to ignite 
in a single high temperature region, all the other normal 
paraffin hydrocarbons could be brought to ignite in a much 
lower temperature region (250-350' ), provided the total 
pressure was above a certain critical value. For the higher 
hydrocarbons more than one low temperature region was 
observed, but below a certain critical pressure only one 
ignition zone exists. Inhibitors tend to prevent ignition in 
the low temperature region, and so at a given pressure 
greatly increase the ignition temperature. The fall in the 
ignition temperature at a critical transition pressure corre- 
sponds with the incidence of knock in an engine on reach- 
ing a certain compression ratio. Benzene, ‘iso-octanc\ 
alcohol, and methane do not ignite in the low temperature 
region and do not give rise to knock, and benzene and ‘ iso- 
octane’ only with difficulty. The lag in ignition at these 
critical pressures is still quite considerable (approximately 
1 sec.), but it is possible that at the higher pressures caused 
by regions of compression in front of the flame towards 
the end of combustion in the cylinder of an engine, that 
the lag might be reduced to as little as 0 001 sec. which is 
all the time available for ignition. 

Townend has shown that the shape of the curve bounding 
the lower temperature region is closely connected with the 
ignition behaviour of acetaldehyde : the lower ignition range 
is related to the temperature region in which the maximum 
amount of aldehyde is formed. Pease [48, 1929] and also 
Beatty and Edgar [2, 1929, 1934] draw attention to the 
negative temperature coefficient of the rate of oxidation of 
certain hydrocarbons above the cool flame temperature 
region. Suppose then that A oxidizes direct to B with a 
velocity Ki, and suppose A forms an intermediate body 
and that A+X react to give B with a velocity Fi ; then since 
X is an intermediate product of oxidation, its maximum 
concentration will depend on the ratio of the velocity 
constant of the formation of X from A to that of destruction 
of X to give B, and if the concentration of [A'Lax decreases 
with increase of temperature \ 2 ~ K[X\riixj.^ 
will be small at low and high temperature, because of the 


smallness of in the one case and of A^max in the 

other; this provides a formal reason for the negative 
temperature coefficient which, as increases, again 

becomes positive (see Neumann and Aivazov [43, 1935]). 
The observations here briefly referred to show that the 
products of oxidation of hydrocarbons influence the course 
of the oxidation ; the process is clearly an autocatalytic one. 
Not only do the products of oxidation of secondary pro- 
ducts, such as acetaldehyde, affect the reaction rate, but 
it is possible that primary products may be formed (such 
as peroxides) which affect the rate, as suggested by the 
above formal representation. 

It is significant that in spite of the many possible ways 
in which reaction might occur there is a remarkable simi- 
larity in the behaviour on oxidation of the hydrocarbons 
of a certain type (and also of the various classes of deriva- 
tives formed from them); whatever the process of oxida- 
tion is, it is probably very similar for the same kind of 
molecule even though the molecular weight may be very 
different. It is only methane and to a much less extent 
ethane that exhibit a rather marked difference; the higher 
straight-chain hydrocarbons (butane upwards) probably 
yield a great variety of subsidiary compounds due to ring 
formation, polymerization, &c., but the main characteristics 
of the oxidation remain very similar, and make it seem 
probable that the same mechanism is at work. 

The initial step in the reaction is still unknown, various 
suggestions have been made, for instance, assuming the 
terminal group is first attacked : 

Dissociation RCH 2 CH 3 -> RCHj— 4 CHj — 

RCHoCHa - V RCHs ( CHj— 

RCH.CHa RCH -CH., f H, 

RCH2CH3 RCH2CH,— 4 H. 

Oxidation RCH^CH, i O, > RCH.CHjOOH RCH^CHO + U^O 

(peroxidation) 

ZCRCH^CH,) 1 O2 2(RCH2CH20H) (hydroxylation) 
yOOH 

RCH3 I RCOaO -> KC<^ 4 RCHa (aldchydic inilia- 
'O tion) 

RCH3CH3 i O -> RCHaCH 1 HoO (O atom initiation) 

or RCH3CH3 fO > RCH3CH3OH. 

These do not exhaust the possibilities. Free methyl radicals 
are readily formed by pyrolysis of many hydrocarbons and 
their derivatives ; there are almost sure to be some present. 
Free ethyl and propyl radicals have also been shown to be 
capable of existence for about 10“^ sec., but it is unlikely 
that higher radicals have an appreciable life. They probably 
give rise to hydrogen atoms, methyl radicals, and methane, 
ethane, and unsaturated hydrocarbons. As the C — C 
linkage is more readily broken than the C — H, the dissocia- 
tion to give free methyl radicals is more likely than the 
splitting off of hydrogen atoms. The production of CHa 
radicals is perhaps more likely particularly at high tempera- 
tures than CH3 as shown by Belchetz and Rideal [3, 1935]: 
while the least likely of all the first four processes is the 
direct production of the unsaturated hydrocarbon by the 
removal of a hydrogen molecule from either two different 
carbon atoms or from one carbon atom. There is, indeed, 
no evidence for the production of the ethylenic bond from 
absorption spectra experiments. 

However, it is doubtful whether any of these dissociations 
is responsible for the initiation of the oxidation process 
which may take place due to one of the other processes. 
The oxidation of an aldehyde RCHO (in the liquid state) 
according to Backstrom takes place as follows: 
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RCHO ->■ RCHO— ] Although it would be generally agreed that in the oxida- 


/ / \ initiation 

RCHO hRCHO-^RCHOH I RC-Oj 

Oa + 1^0-> RCOOa— ] 

I \ ) chain 

(Peracid) RCOOOH+ RCO RCOOa + RCHO (aldehyde j 

The aldehyde can thus give rise to oxygenated radicals (like 
HO 2 in the case of the hydrogen oxidation) which could 
react as follows with a hydrocarbon and initiate a chain. 

/O— O ,0— OH 

RCHa+R'C/ ->R'C^ fRCHj 

^O ^'O I 

RCHO h H2O ^ RCH2O2— 

, N(RCH, 00 H) f RCHj RCHiO,+RCH, 

2R'CH20H I O,/ 

Thus aldehyde or alcohol can result as products of this 
chain reaction initiated through the radicals produced 
from aldehydes which may initially arise by reaction at the 
walls. The effect of aldehydes on the induction period is 
consistent with such a scheme of initiation. This scheme 
of oxidation is formally the same as that for the aldehyde 
and for hydrogen. Furthermore the peroxide RCHgOOH, 
if any accumulates and is not at once decomposed, can 
disrupt to give hydroxyl radicals, which in turn can react 
with RCH 3 to give RCHj-f HjO, so that chain branching 
can occur in this way and lead to explosion; olefines, 
formaldehyde, &c., are produced by reactions which can 
occur alongside the main reaction. This scheme of oxida- 
tion has been given in detail by Ubbelohde [63, 1935], who 
has summarized in another article of this series the work 
that has been done on the slow combustion of hydro- 
carbons. Others view oxygen atoms in one way and 
another, as the chain carriers (Semenoff [57, 1935], Norrish 
[46, 1935]), and the kinetics of the oxidation of methane 
certainly fit in very well with this view. Norrish’s scheme 
for higher hydrocarbons would be : 

O I RCHg-^RCH f HaO initiation 

i 

Oj fRCH ->0 + RCHO \ 

I I } chain 

HaO + RCH { RCH3 J 

Branching and initiation of chains is provided in this 
scheme by oxygen atoms produced from the action of 
oxygen on an aldehyde. 

RCHO + Oa-^ RCOOH I O 

The alcohols are formed as a result of the destruction of 
the chain: 

RCH3 i 04 ^M ->RCH30H4 M. 

Pease’s investigations [49, 1935] on the oxidation of 
propane led him to conclude that the molecule of the 
hydrocarbon activated by collision combines with oxygen 
to form methoxyl (CH3O) radicals which act as chain 
carriers. Pease and others have shown that considerable 
quantities of peroxides are formed but as the reaction-rate 
is not altered when the peroxides are destroyed by a KCl 
saturated surface, those peroxides isolated can hardly be 
the initial products of the reaction. There is, however, 
photochemical evidence for the primary production of per- 
oxides, for instance in the oxidation of ethyl iodide [27, 
1934] the kinetics are best explained by the initial formation 
of an active peroxide CjHsOj, which then reacts with a 
further molecule of ethyl iodide to give acetaldehyde, ethyl 
alcohol, and iodine. 


tion of a saturated paraffin reaction chains are operative, 
there is as yet no agreement on the mechanism of the pro- 
cess or the nature of the chain carriers. The same remark 
applies to the olefine hydrocarbons, for instance, Bone and 
his associates have carefully investigated the products 
formed during different stages of the combustion of ethy- 
lene and conclude that successive hydroxylation accounts 
for the results obtained, ethylene oxide being formed from 
the vinyl alcohol which is considered as the primary pro- 
duct. This interpretation is not in complete agreement with 
certain other investigations which require the primary 
formation of a peroxide by the addition of oxygen {vide 
Thompson and Hinshelwood [61, 1929], Lenher [30, 1931], 
Norrish [46, 1935], Lucas, Prater, and Morris [35, 1935]). 

It is questionable whether the reaction mechanism is 
similar in the case of olefines to that of the paraffins until 
the length of chain overcomes the effect of the double bond. 
Pidgeon and Egerton [50, 1932] did not find that amylene 
accelerated the slow combustion of pentane though hexane 
had such an influence, and the chemiluminescent effects 
with the olefines arc iiiuch less marked. The influence of 
the combustion of one hydrocarbon upon that of another 
throws some light on the mechanism of their reactions 
(cf. Mardles, Article 13). 

These facts stand out clearly, viz. that there is a difference 
in behaviour at normal pressures between the higher 
paraffin hydrocarbons on the one hand and the lower on 
the other, and that there is some autooitalytic effect of the 
products which influences the oxidation of the higher 
hydrocarbons, whereas the effect is not pronounced with 
the lower hydrocarbons unless the pressure is increased. 
It is also clear that the combustion of different hydro- 
carbons has much in common, pointing to a similarity of 
mechanism. 

(r/)Thc remaining group of investigations which has been 
used to throw light on the way hydrocarbons commence to 
burn is more directly connected with investigations on 
knock in engines. 

An extensive series of measurements (particularly in the 
laboratories of General Motors Ltd., Detroit) has been 
made of the knocking characteristics of various pure 
hydrocarbons. Many substances arc too scarce to be tested 
in the engine in the pure state and it is necessary to make 
blends with other fuels, but using a standard fuel with 
which to blend the other substances, it is possible to com- 
pare their relative behaviour in the blended fuel. Measure- 
ments have also been made on the pure substances by 
determining the pressure at which knock first becomes 
audible (critical compression ratio). The results obtained 
are summarized in the article by Campbell and Boyd of this 
series. As already pointed out it would hardly be expected, 
considering the complexity of the processes of hydro- 
carbon combustion, that the ratio of the figures obtained 
for the knock-rating of two different hydrocarbons in a 
certain engine under specified conditions would be the same 
for another set of conditions or in other engines where 
different temperatures, time pressure, and surface conditions 
prevail, and this is still less to be expected for a blended 
fuel, for one hydrocarbon will influence the burning of the 
other somewhat differently. Furthermore, what is the 
precise significance that can be attached to the incidence 
of knock of a degree of intensity measured by the knock- 
meter or the ear ? 

In spite of these shortcomings relating to the method of 
knock measurement, there are very definite relationships 
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between the figures obtained for the different compounds 
investigated. 

As a general rule, for all types of hydrocarbon a straight 
chain of CH 2 groups knocks the more, the longer the chain; 
while any break in the chain of CH 2 groups produced by 
branching of the molecular structure, or by double bonds, 
tends to raise the knock-rating. The more compact the 
structure of the molecule, the higher is the knock-rating. 

In a mixed fuel, the paraffinic straight-chain constituents 
knock most, the aromatics and olefines least, the naph- 
thenic constituents being intermediate in their behaviour. 
The diolefinic constituents and certain unsaturated cyclic 
compounds are apt to polymerize easily (particularly jn 
presence of the oxygen of the air) and give rise to ‘gums’. 

In a series of compounds with six carbon atoms the 
aniline equivalents (sec p. 3008) arc given as follows: 


Hexane 

. -(S 

Ben/cnc . 

. 10 

Cyclohexane 

7 

2,3-Hexcnc 

. 12 

1,2-Hexene . 

8 

2,3-Dimcthylbutanc . 

. 19 

Cyclohexadicne 

. 10 




and these figures serve to illustrate the general effect of the 
constitution on the knock-rating. It will be noted that the 
saturated paraffin, 2,3-dimethylbutanc, has the highest 
knock-rating, but that the isomeric straight-chain parairin 
has the lowest. 

In a ring compound the more alkyl groups attached to 
the cyclic compound, the more the substance knocks, thus 
1,3,5-trimethylcyclohcxanc knocks more than 1,3-dimcthyl- 
cyclohexanc. Doubling the ring increases knock. A double 
bond is protected from oxidation by substitution in the 
neighbouring carbon atom and the knock-rating increases. 
A double bond in the centre of the chain is much more 
effective than one near the terminal groups, for the reason 
that the longer the chain of CHa groups the greater the 
knock. Similarly, two double bonds give higher ratings 
than one, though tendency to polymerize becomes greater. 
The double bond is much less easily broken than the C — C 
or C— H linkages. 

It has been suggested by Rice [55, 1934] that the knock- 
rating of a hydrocarbon molecule depends on the case with 
which it can split off methyl radiciils, but it is possible that 
the same attributes which make disengagement of methyl 
radicals easy, also make attack by oxygen easy, not neces- 
sarily that the process of oxidation is initiated by the dis- 
sociation of the methyl radicals from the remainder of the 
hydrocarbon without the intervention of any other initiat- 
ing mechanism. 

The knock-rating is related with the stability, with the 
oxidizability and more particularly with the ignitability (in 
the low-pressure range) of the fuel. Figures which illustrate 
this connexion arc given in Article 4 on ‘The Susceptibility 
to Oxidation of I.C. Engine Fuels’. The ignition tempera- 
ture decreases and the oxidizability increases with the 
molecular weight, in the same manner as the knocking 
tendency of a hydrocarbon (cf. Article 6, ‘Spontaneous 
Ignition Temperatures'). 

It has been possible to study the combustion process in 
a petrol engine by sampling the gases from an engine 
cylinder at any moment in the cycle at which it is desired 
to withdraw them. Analyses not only of the final gaseous 
products [69, 1930; 19, 1935], but of the amount of inter- 
mediates (such as aldehydes, &c.) which are formed, have 
been made. Formaldehyde is obtained in very appreciable 
amounts (e.g. 1 vol. in 2(X)) together with higher aldehydes 
usually in smaller quantity. These commence to be formed 
prior to the arrival of flame at the sampling-valve, and the 


amount formed is appreciably greater in knocking explo- 
sions. Formaldehyde in very much diminished amount 
can be detected in the burnt gases but no other aldehydes. 
These results agree in most particulars with observations 
of the absorption spectra of gases in the knocking-zone in 
an engine by Whittrow and Rassweiler [71, 1933]; the 
absorption due to formaldehyde is clearly visible in the 
regions ahead of the advancing flame, and there are indica- 
tions of the presence of other products which absorb light 
in the ultra-violet region. 

By sampling in every alternate cycle, it has been possible 
to show that aldehydes are formed in the compression 
stroke when no flame is present, but the amount is very 
much greater when flame is present [65, 1935]. A large part 
of the slow combustion observed, therefore, must be due to 
the proximity of the flame and occasioned by the high 
temperature and pressure to which the gases are exposed 
(or possibly by the active radicals which are projected from 
the flame into the unburnt gas ahead) and not due in the 
main to the hot surface of valves, &c., though these no 
doubt contribute to the production of a certain amount of 
precombustion (p. 2916). Peroxides have also been found in 
the products of rombustion of engines by Callendar and 
Mardles [8, 1927] and by Dumanois, Mondain-Monval, 
and Quanquin [12, 1931]. 

The addition of pro-knocks to fuels is particularly in- 
structive. Isopropyl nitrite, ethyl nitrite, &c., have been 
known for some time [7, 1924] to act as powerful knock- 
inducers or ‘pro-knocks'. It has been found that the 
quantity needed to give rise to audible knock is only of 
the order of 1 mol. in 10^ mols. of the gaseous charge in the 
cylinder. It has also been found that peroxides such as 
diethyl peroxide, ethyl hydrogen peroxide, or acetyl per- 
oxide are as effective if not slightly more effective than the 
nitrates and nitrites as knock-inducers [19, 1935; also 8, 
1927], It is known that fuels which become peroxidized 
increase their tendency to knock, and that the lead sus- 
ceptibility decreases also with the peroxidation of the fuel. 
I'he peroxides found in such fuels are mainly olefine per- 
oxides which are, however, not very strong pro-knocks. 

The alkyl, alkyl hydrogen, or aldehyde peroxides are the 
only known class of substances which might be formed as 
products of the oxidation of hydrocarbons which when 
added to fuels in very small quantity will give rise to knock; 
aldehydes knock violently, but when added to fuels it 
requires 100 times as much aldehyde as peroxide for the 
same degree of knock to be produced. Alcohols relatively 
do not knock at all. Many peroxides (olefine peroxides, 
&c.) have only a weak effect as compared with these other 
types of peroxides. It appears that only those substances 
are effective which would disrupt to give — OR, and 
possibly — OH radicals, and it has been suggested [64, 
1935] that these radicals set up branching reaction chains 
and so give rise to an enhanced rate of combustion. Ethyl 
nitrate and nitrite have been shown to decompose in such 
a way [58, 1934], and as nitrogen peroxide itself was found 
to produce relatively little knock, the — OR radicals or 
other radicals produced by alkyl peroxides and nitrites, &c., 
seem to be responsible. 

It was found that when either acetyl or ethyl hydrogen 
peroxides were added to fuel that the peroxides could be 
recovered quite late in the compression stroke from the 
sampling-valve, so that these substances are capable of 
surviving the compression stroke. 

A certain quantity of nitrogen oxides (about 1 mol. in 
10, (XX) mols. of the cylinder gases) are formed during 
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combustion in the engine. They are formed in greater 
quantity the greater the knock but they are not responsible 
for knock, for many fuels which do not knock give rise to 
even greater amounts than fuels which do knock. 

In spite of the presence of nitrogen peroxide, it has been 
found possible to detect organic peroxides in the gases 
extracted from the sampling-valve at the moment just prior 
to knock [19, 1935]. They have also been obtained when 
an engine is motored at high temperature [12, 1931]. These 
peroxides behave towards reagents not like acetyl peroxide 
but rather as the alkyl hydrogen type of peroxide and are 
present in an amount (1 in 10^) nearly as great as would give 
rise to the same degree of knock if added to the fuel; even 
so the amount is very small and near the limit of detection. 

It has been mentioned that during the combustion of the 
higher hydrocarbons (butane, &c.) peroxides are formed 
in considerable quantity in the regions of temperature just 
below the lower pressure ignition when cool flames occur 
[40, 1931]. These peroxides were thought to be alcoxyper- 
oxides (formed from formaldehydes and alkylhydrogen 
peroxides, &c.), but Ubbelohde [63, 1935] searching for the 
absorption band found by Egerton and Pidgeon [18, 1933] 
in the oxidation of hydrocarbons identifies some of them 
with peroxides of oxygenated ring-compounds (vinyl-ether 
peroxides of hydrogenated furans and pyrans), which are 
formed from peroxidized radicals of the hydrocarbon 
(R — O — O) or from R — O — OH. These peroxidized pro- 
ducts formed in the slow combustion, however, do not 
promote knock to any great extent like acetyl peroxide, 
ethylhydrogen peroxide, or diethylperoxide do under simi- 
lar circumstances. The peroxides obtained from the engine 
may well be these vinyl ether peroxides rather than any 
primary peroxide like R — O — OH, which if formed at all 
may be too quickly destroyed to be isolated. Nevertheless, 
whether primary products or not, the fact that organic 
peroxides are formed prior to knock is important, as it 
provides further clues as to the mechanism of the combus- 
tion of the higher hydrocarbons. 

Although in these engine experiments, aldehyde per- 
oxides (particularly acetyl peroxide) were not detected or 
isolated, they might be the compounds which are respon- 
sible for the incidence of knock. The amount of aldehyde 
(between 5 and 10% by volume in the fuel) which has to be 
added to a fuel to cause knock and the amount of acetyl 
peroxide needed (0 05 %) were known, but it was found that 
the amount of aldehydes present (other than formaldehyde, 
which does not give rise to knock) was never more than 
about a quarter of the concentration needed to give rise to 
the concentration of acetyl peroxide necessary to cause 
knock. Consequently it was argued that other peroxide 
substances must be present which give rise to knock 
besides acetyl peroxide [65, 1935]. It is possible the argu- 
ment may not be valid, if the concentrations as determined 
in the sampled gases are not truly representative, and that 
there are higher local concentrations of aldehyde in certain 
places within the cylinder. But there are other reasons for 
considering that acetyl peroxide is not alone responsible 
for knock, for larger percentages of acetaldehyde are 
obtainable from the combustion products of fuels which 
do not knock so readily as those that yield less acetaldehyde. 

It has been found that diethylperoxide does not set up 
knock in an engine using hydrogen as fuel, whereas nitrogen 
peroxide causes knock [19, 1935]. These facts, contrary to 
what is experienced in an engine running on petrol, require 
further confirmation and study, but they indicate that the 
radicals which are responsible for knock with hydrocarbons 


are not the same as those which promote the combustion of 
hydrogen and therefore are not so likely to be either H or 
O atoms or — OH radicals. 

Summarizing briefly the result of these various investiga- 
tions on the combustion of hydrocarbons which have been 
classified on p. 2917 under headings (a), (b), (c), and (rf), the 
kinetics of both photochemical and thermal oxidations indi- 
cate that a chain-reaction mechanism functions, the precise 
nature of the chain-carriers is not known, but there is some 
evidence of a similarity with the oxidation in simpler systems, 
such as with the oxidation of hydrogen. Stable products 
formed as a result of the chain are alcohols or aldehydes 
(in accordance with the indications of the hydroxylation 
theory), these substances also oxidize by chain-reactions, 
and their products can initiate the hydrocarbon chain- 
reaction so that the process becomes autocatalytic. Com- 
bustion seems to commence by the oxidation of the 
terminal CHg group of the longest structural chain, and the 
molecule which thus becomes attacked is probably rapidly 
oxidized down to final products of small molecular weight. 

Experiments on the kinetics of the reaction and on 
ignition both indicate that there are two regions of oxida- 
tion, the low temperature region, and a higher temperature 
region. The mechanism is somewhat different at the lower 
temperature and it appears that a product is formed, the 
subsequent decomposition of which at a slightly higher 
temperature accelerates the oxidation and gives rise pro- 
bably to branched chain-reactions or possibly to local 
release of thermal energy, which cause the ignition. The 
investigations on knock in engines indicate that the same 
causes that give rise to ignition in the low temperature 
region give rise to knock, and there is much evidence from 
these experiments that peroxides arc the substances which 
are formed and subsequently in decomposing produce the 
sudden enhanced rate of combustion. There is evidence 
also that the aldehyde peroxides are not alone responsible 
for this, but that other peroxidized products arc present. 

In the higher temperature ignition region the combustion 
is similar to that occurring with methane and the chain- 
carriers, though formed perhaps by a similar mechanism, 
may behave differently than they do in the lower tempera- 
ture region, where the temperature is not too high to allow 
traces of peroxides or some such products to exist which 
cause the sudden increase in reaction rate in the manner 
which has been suggested. 

Anti-knock behaviour. 

Reasons have already been adduced for hydrocarbon 
combustion being of a chain character; were this not so, it 
would be difficult to explain the action of inhibitors, very 
small quantities of which are needed to stop reaction. For 
1 atom of lead in 200,000 mols. of fuel mixture could make 
very little difference to the rate of combination of hydro- 
carbon and oxygen molecules, if the rate was simply 
dependent on their mutual encounter; on the other hand, 
if each initiating particle was able to bring into combination 
a large number of other molecules by a chain-reaction, the 
destruction of the particle or the stopping of the chain at an 
early stage would make a great difference to the reaction rate. 
It would be expected too that if the amount of inhibitor was 
insufficient or the conditions of pressure or of oxygen 
concentration were such that too many chains were starting 
in a given time for their effect to be stopped, that the 
inhibitors would have very little effect on the rate. This is 
illustrated by the facts that in oxygen, lead tetraethyl at 
normal pressures in an ignition apparatus is ineffective, 
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whereas in air it raises the temperature of ignition very 
greatly. Also, in To^end’s experiments, it is found that 
the effect of the lead in varying the ignition from the lower 
to the higher region is very great in the neighbourhood of 
&e critical pressure for ignition, but at higher pressures the 
ignition-point is very little raised and remains in the lower 
region of temperature. 

It is also found from the behaviour of fuels in engines 
that certain minimum percentages of lead are needed to 
have an effect and that after a certain addition, further 
addition has less effect. These results seem consistent with 
the explanation that the inhibitor controls the number of 
centres from which reaction spreads. 

The effect of lead tetraethyl in preventing knock was 
discovered by Midgley [39, 1920]. It was known that in a 
knocking explosion the intensity of the light of the explosion 
in the ultra-violet appeared greater than in the normal 
explosion, and in an attempt to absorb the ultra-violet ^nd 
thereby prevent its possible effect in accelerating the 
explosion, halogens were tried, but as the effect on knock- 
ing of chlorine and iodine were contrary to each other, the 
idea was not promising, but it nevertheless led to trying 
other substances in neighbouring groups of elements. 
Diethylselenide and diethyltelluride were both found to 
be anti-knocks, and the organo-metallic derivatives of the 
next group, tin tetraethyl and particularly lead tetraethyl 
were found still more effective. 

Lead tetraethyl was and still is the most useful anti- 
knock; only about one part by volume in about 1,300 of fuel 
is used, and as the bromide is volatile, addition of bromine 
compounds (ethylene dibromide) prevents the accumula- 
tion in the cylinder of products from the combustion of the 
lead. An anti-knock dope containing both ethylene di- 
bromide (about 35%) and lead tetraethyl (about 62%) 
called ‘ethyl fluid’ was manufactured and is now used in 
large quantities for the improvement of motor fuels. An 
article of this series is devoted to the methods of preparation 
and analysis of the dope and another to the lead suscepti- 
bility of various fuels, so that it is unnecessary to give here 
further details of these matters. The lead susceptibility 
which is the rise in octane number produced by 1 c.c. of 
tetraethyl lead per U.S. gal. of spirit varies very much for 
different fuels; and as a general rule, the better the fuel, the 
greater the lead susceptibility. Lead ethyl is also somewhat 
more effective at high cylinder jacket temperatures. 

At one time some trouble was caused by the attack of 
engine valves on account of the presence of ethyl lead in 
the fuel; this trouble has been largely overcome by the use 
of ‘stellited’ valves and other means [\a, 1934]. 

A number of other substances have been tried as dopes. 
Only certain nitrogen compounds (amines and imines) [7, 
1924], phenols, quinone [64, 1935], &c., were specially 
effective amongst organic compounds, but about one hun- 
dred times as much of these arc needed for the same effect 
as a similar volume of tetraethyl lead provides. 

The iron and nickel carbonyls Fe(CO )5 and Ni(CO )4 were 
found very effective, but both are attacked by light and par- 
ticularly the latter by moisture, and neither give volatile 
compounds easily removed from the cylinder, so that they 
are not so suitable as the lead compound. Sims and 
Mardles [56a, 1926] prepared organo-sols of lead, iron, 
and nickel which were effective as anti-knocks : slight effects 
were obtained with cerium xylyl and chromium phenyl. 

It was shown by Weerman [ 66 , 1927] that the anti- 
knocks raise the ignition temperature of petrol when a 
stream of air is blown gently through an ignition-pot (cf. 


Article 6 ). Egerton and Gates [17, 1927] found what metals 
affected the ignition-point, using either the vapours from 
an arc or from the heated metals and then sorted out the 
effective metals from the others. Potassium was found very 
effective, but sodium practically ineffective. Thallium was 
found more effective than lead. Manganese and Bismuth 
were the only other metals found appreciably effective. 
Since then experiments have been made in the engine from 
which the following estimates of effectiveness were made 
[19, 1935]. (See Article 11 by G. Calingaert and Article 13 
by E. Mardles in this series on anti-knocks.) 
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As potassium was so effective and as thallium was only 
effective when introduced along with air, it seemed that 
these metals were effective when in an oxidized condition. 
Similar experiments with lead in the ignition-pot pointed 
to the same conclusion. It was noticed, too, that those 
metals were effective for which the lower and higher oxides 
were in a state of equilibrium at temperatures about 300° 
to 400°. It thus appeared probable that one of the oxides 
is taken to a lower (or possibly higher) state of oxidation 
by encounter with the chain-carrier of the initiator of the 
hydrocarbon oxidation, and that the required oxide is then 
regenerated by further collision with oxygen molecules: it 
would be difficult to explain otherwise the effect of potas- 
sium and the lack of effect of sodium. 

The organic anti-knocks such as aniline are themselves 
burnt and consumed, so that the latter class of anti-knock 
is not regenerated and is far less effective. The organic anti- 
knocks like aniline have been shown by spectroscopic 
means to decrease the amount of formaldehyde formed, 
whereas lead ethyl does not appear to do so to the same 
extent, so that probably their function is different [71, 
1933]. 

If the anti-knock is in the form of small particles and not 
in the form of vapour, it is obvious that it cannot be so 
effective in reacting with those molecules or radicals respon- 
sible for initiating the chains. The metal must first be 
formed as vapour and then the molecules of metallic vapour 
oxidized [17, 1927]. It is found, indeed, that PbO from an 
arc and iron oxide from Fe(CO )5 is practically ineffective 
when introduced as a mist of particles [19, 1935]. This fact 
may account for some of the discrepancies about the matter 
existing in the literature. 

The kinetics of decomposition of lead tetraethyl and of 
nickel carbonyl have been studied, and it has been shown 
that dissociation into atoms and radicals (e.g. C 2 H 5 ) occur 
and that the reactions are unimolecular. In agreement with 
this, it was found that PbEti can act under certain circum- 
stances as an initiator of chains and can accelerate the 
combustion of a hydrocarbon (e.g. pentane), but only if 
there is no oxygen initially present; a small trace of oxygen 
prevents such an action, so that presumably it is PbO or 
Pb 02 in the molecular state that has the pronounced anti- 
knock effect. Yet against this it must be mentioned that 
in the engine in the region of knock only Pb lines in the 
absorption spectra were observed and none due to PbO 
[53, 1935]. 

The speed of uniform rapid flame may be very little 
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affected by the anti-knock; though the travel of slow flames 
of methane, of CO, &c., and hesitating vibratory flames are 
much affected [16, 1927 ; 14, 1929]. It seems that if the lead 
ethyl is decomposed and oxidized it is effective, but that 
unless it has time to react with and prevent the formation of 
reaction centres (chain initiators) it is comparatively in- 
effective. The behaviour of an anti-knock is dependent on 
the oxygen concentration, lead tetraethyl has no effect on 
the ignition temperature of petrol in oxygen (at ordinary 
pressures). The effect of an anti-knock varies also with the 
nature of the fuel on which it operates; this may be ac- 
counted for partly by the time available for decomposition 
of the anti-knock molecule which would alter with the rate 
of combustion of the fuel, and partly by the nature and 
amount of the intermediate products formed which will alter 
the number of chains which the anti-knock has to prevent 
becoming effective. It is remarkable that an anti-knock 
has apparently little effect in preventing the combustion and 
ignition of an alcohol, whereas it has a marked effect on 
an aldehyde and a hydrocarbon ; since aldehydes are formed 
in the combustion of the alcohols, this would indicate that 
there are primary products in the oxidation of a hydro- 
carbon which arc prevented from developing reaction- 
chains, as well as the products from the oxidation of the 
aldehyde. Further investigations, however, are needed to 
settle whether the anti-knock plays this double role. 

Townend [62, 1933] has shown that under pressure the 
anti-knock has a much more marked effect in the ‘critical’ 
pressure region than at lower or higher pressures. The anti- 
knock, therefore, does not much affect the travel of the flame 
except in the region where the pressure is rapidly rising 
towards the end of travel of the flame; there its effect is very 
great. The effect of the anti-knock is probably due to the 
prevention of the development of explosive combustion 
caused by secondary products such as aldehyde peroxides, 
but whether it acts only on the aldehyde or also on the first 
stage of combustion of the hydrocarbon and hence 
decreases the amount of the aldehyde formed has yet to be 
established. Pro-knocks provide reaction centres just as 
anti-knocks destroy them, their eftect is contrary; it is 
significant that the concentrations at which they become 
effective are approximately the same. 

The use of anti-oxidants for the stabilization of fuels on 
storage and for other purposes is dealt with elsewhere in 
this series of articles (cf. Article 13). 

Flame Propagation and Knock. 

Flame propagation can now be reviewed having in mind 
the processes of slow combustion which have been dis- 
cussed. 

Whatever the nature of the gas, during the stage in which 
the cold unbumt gas ahead of the flame is being heated up, 
oxidation must be taking place to a more or less extent. 
The molecules are receiving energy by collision with mole- 
cules of already burnt products, or with molecules of 
diluents heated by the reaction or by collision with other 
unbumt molecules which have already received energy in 
such manner. It is not merely a question of thermal conduc- 
tion, for some of the already burnt products will be mole- 
cules, atoms, or radicals, which are activated to varying 
extent and may be capable of reacting with a sufficiently 
active molecule of the unburnt substance or of activating 
it so that it will react on meeting with another radical or 
possibly with a molecule of oxygen. It then gives rise to 
products which may or may not propagate a chain. 

In an ordinary flame, under conditions in which the 


density of the mixture presenting itself to the flame is con- 
stant, the velocity of propagation will be controlled by the 
change in the concentration No of combustible gas (dNc/dt) 
and by the temperature gradient {dxjdT) in the reaction 


zone, thus 



^Nq ^ , 

vt 


where V is the volume of unburnt combustible entering the 
reaction zone per see., Ti is the initial temperature, Ta 
the temperature of the burnt gas, and t, the time. From a 
knowledge of the kinetics of the reactions O 3 Oa f O and 
O f O3 - 2O2 and of the diffusion coefficients, B. Lewis and 
V. Elbe [33, 1934] have attempted the determination of the 
velocity of the flame of ozone decomposition and the thick- 
ness of the flame zone, using also an assumption that the 
sum of the thermal and chemical energy per unit mass of the 
gas remains constant in the unburnt layer at Tj, and in the 
burnt layer at T^. They point out the connexion between 
their method of approach to the problem of the calculation 
of flame-speeds and that of former investigators (e.g. [47, 
1915]) which were based on the general equation 


^ dT d^T 
dt 


where H is the thermal energy liberated by the reaction, 
is the specific heat of the mixture of gases, and K the thermal 
conductivity and into which there had to be introduced an 
indefinite temperature T at which the gases arc brought to 
ignite. They show that formally there is no real difference, 
but by their method it is possible to make use of more or 
less precise knowledge of the reaction kinetics to replace 
the use of an indefinite ignition temperature. Unfortu- 
nately it is a matter of considerable complication to deter- 
mine the integral 


dN, dx 
dt ' dT 


dT, 


even in the comparatively simple case of ozone decomposi- 
tion; furthermore, simplifications have to be introduced to 
avoid effects which no doubt exist due to loss of heat and 
change of conditions at the walls of the containing vessel. 
It cannot therefore be said that even in very simple cases 
that the flame velocity lends itself readily to calculation; 
though the outlook on the problem has been considerably 
modified by appreciation of the influences which the rate of 
reaction and the diffusion of the active products have upon 
the temperature gradient in the flame zone between the 
initial temperature and the maximum temperature of flame. 

If the vessel into which the flame penetrates is closed 
so that the pressure increases, the collision frequency of 
the active products with unburnt gas is increased and so the 
velocity of the flame accelerates. Since the diffusion of the 
active products plays so important a part and since only a 
fraction of the number of unburnt molecules of combustible 
gas is effective, any slight irregularity in the density of 
the gas mixture may result in a local difference in flame 
velocity which immediately brings about conditions which 
produce a vibratory flame. By decreasing the effectiveness 
of reaction between active products and unburnt gas, flame 
can be slowed down ; for instance, the writer has shown that 
one thousandth part of iron carbonyl nearly halves the 
velocity of flame of 50% CO/air. Clearly, so small a 
quantity of iron carbonyl could not affect the flame velocity 
unless the reactions started by the comparatively few 
effective collisions with active products were chain reactions; 
similar results have been obtained with methane mixtures. 
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(Another example of the importance of the reaction kinetics 
on the velocity of flame travel is the effect of small diameter 
tubes in preventing explosion which seems to be not so 
much dependent on the thermal conductivity of the material 
of the tubes, as on the effectiveness of the surface for 
breaking the reaction-chains.) 

An accelerating flame may give rise to detonation in a 
certain mixture of combustible gas. The detonation can 
be made to occur at quite a definite position in the tube; 
though it depends not only on the composition of the 
mixture but on the various conditions such as the diameter 
of the tube and the initial pressure. Why the detonation 
is initiated is not precisely known. Bcrthelot and Veille 
suggested that the velocity of the explosion wave depended 
on the mean velocity of translation of the molecules of the 
products, supposing them to retain the reaction heat. This 
long abandoned idea has been revived in modified form in 
the theory put forward by B. Lewis [31, 1930]. 

The chain-carrier is supposed to receive reaction energy 
in the form of translational energy and to provide sufficient 
activation energy in this way to the molecules of com- 
bustible gas with which it collides, nearly every collision 
being therefore fruitful in starting another chain. The 
velocity of the detonation is then only limited by the trans- 
lation velocity of the chain-carriers. This theory alone does 
not explain how it is that the mixture detonates suddenly 
even though, as in some cases, flame was being propagated 
previously at a fairly constant rate. Experiments have 
shown that when the flame encounters a wave of com- 
pression, that conditions for the setting up of detonation 
arise and the effects of pressure on the velocity of reaction 
being of a high order may account for the sudden enhance- 
ment of the collision efficiency. 

The setting up of knock and of detonation differ in 
several particulars. The outstanding features of the former 
are the presensitization of the charge by reactions which 
have previously occurred or by the addition of small 
quantities of sensitizers and the prevention of such pre- 
sensitization by inhibitors; detonation, on the other hand, 
is apparently unalfected by such sensitization or by 
inhibitors. 

There is very little doubt knock and the low-temperature 
ignition of hydrocarbons arc brought about by the local 
enhancement of the rate of reaction owing to a gicat in- 
crease in the number of chains started in a certain small 
region owing to the existence in that region of intermediate 
products which on the arrival of flame are decomposed. 
If the decomposition of these products give rise to a 
branched-chain reaction, there may be very rapid develop- 
ment of the reaction to explosion ; the alternative suggestion 
that the reaction due to the exothermic decomposition of 
those substances lead to the thermal development ot the 
explosion, seems less likely, but these two alternatives have 
to be further investigated. The eflfect of pressure in bringing 
about conditions for knock and for ignition at low tempera- 
ture probably cannot be accounted for simply by reason ot 
its effect on the reaction velocity, but is mainly due to its 
favouring the existence of the intermediate products. The 


identification of these products with the aldehyde peroxides 
and possibly with other peroxides, formed in an earlier 
stage of the oxidation, the presence of the latter being sug- 
gested by the different behaviour of the alcohols and ole- 
fines on the one hand and the paraffins on the other, has 
already been discussed. 

In the petrol engine, flame starting from the spark and 
assisted by the turbulence of the gas travels rapidly through 
the disk-shaped space; the pressure rapidly rises, and the 
last part of the gas remaining unburnt is exposed to fairly 
extreme conditions, partly owing to rise of temperature due 
to the rapid rise of pressure and partly to the heat received 
from the walls and by radiation from the flame. The tempera- 
ture may rise locally to above 500'', and there may even be 
time for self-ignition to occur before the flame reaches the 
gas (as shown by some photographs.) Owing to the pres- 
sure and temperature conditions the gas is presensitized, 
and when the flame reaches this region, the sudden in- 
creased rate of combustion is sufficient to set up intense 
compression waves which provide an explanation both ot 
the vibratory pressure records obtained in knocking explo- 
sions, and of the waves seen reflected back and forth in the 
photographs of knocking explosions. 

In the compression-ignition engine conditions arc rather 
different, the fuel injected into the combustion chamber or 
cylinder, is exposed to rather similar conditions of pressure 
but the temperature conditions may be less severe as there 
is no flame from which the gases receive heat. During the 
ignition delay period, substances are formed which even- 
tually give rise to the low-temperature ignition, and since 
the same processes produce the low-temperature ignition 
as produce knock, the pressure rise is rapid enough to pro- 
duce compression waves and these lead to a knocking 
sound. But ignition starts in that region where pre- 
combustion is most advanced, and as the spread of flame is 
very rapid the rest of the gas is probably burnt up before 
any of these substances which lead to sudden local enhance- 
ment of reaction rate can accumulate, and the main 
explosion is usually fairly smooth. This is not so, however, 
with a poor fuel when the knock may become very pro- 
nounced. On this view, the relation of the cetene number 
and octane number of a fuel already maintained can readily 
be interpreted. The longer the delay, the more aromatic 
the fuels, the greater the tendency to rough and noisy 
running. 

A number of different matters which relate to the study 
of knock have been briefly referred to in this article, but 
many of them are dealt with in a more comprehensive way 
in other articles of the series. Overlap between one article 
and another is inevitable, the more so as the phenomena 
of knock becomes explicable on lines which are becom- 
ing more generally accepted. Even though there may be 
some restatement, the differences in point of view by dif- 
ferent workers and the experimental results which do not 
always quite accord are perhaps more valuable than the 
agreement as to the underlying explanations, for the reader 
can derive therefrom knowledge as to where further work 
is needed. 
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2. THEORY OF KNOCK IN INTERNAL-COMBUSTION ENGINES 

By HAROLD A. BEATTY, Ph.D., and GRAHAM EDGAR, Ph.D. 

Research Department, Ethyl Gasoline Corporation, New York 


Of the various kinds of irregular or abnormal combustion 
which may occur in an engine, the most important from 
both the theoretical and practical points of view is the type 
variously known as knock, pink, or detonation. Knock 
may be defined as an abnormally rapid explosion of a cer- 
tain portion of the charge which is the last to burn in an 
internal-combustion engine, resulting in the formation of 
pressure-waves in the gas. It is a characteristic of engines 
of the Otto-cycle type, operating under specific conditions, 
and is to be distinguished from other kinds of abnormal 
combustion, such as pre-ignition and after-firing. These 
latter phenomena are different in nature from knock, and 
accordingly will not be dealt with here, although they may 
be of considerable practical importance. Effects similar to 
those of knock are shown by Diesel engines when running 
‘rough’, and the two phenomena are somewhat related; 
however, the study of the latter has been approached from 
a different point of view, and the results obtained have 
not contributed significantly to an understanding of the 
nature of knock. The present discussion is therefore con- 
fined to knock in engines of the Otto-cycle type. 

The occurrence of knock was known as early as about 
1882 [7], but detailed investigations of the phenomenon did 
not begin until much later. Around 1918 extensive studies 
of the problem were under way by Kettering [16] and his 
associates in the United States, and by Ricardo [26] in 
England. Pre-ignition and knock were clearly distinguished, 
and Ricardo stated that the latter resulted, not from 
mechanical defects in the engine, but from a simultaneous 
and spontaneous ignition of the last part of the charge 
to burn. 

However, the lack of correlation between the knocking 
tendency and the spontaneous ignition temperatures of 
different fuels, together with the announcement in 1920 and 
1922 by Midgley and Boyd [21] of the discovery (some 
years previous) of the anti-knock effect of very small 
amounts of different compounds, cast considerable doubt 
on the correctness of the simple spontaneous ignition 
theory. As a result, various speculations were advanced in 
explanation of the nature of knock and its suppression. 
These ideas were based upon experimental facts which, in 
large part, had been obtained under conditions more or 
less different from those found in an engine, and a con- 
siderable degree of confusion and several distinctly erro- 
neous conclusions resulted therefrom. 

Further experimentation, in recent years, conducted 
directly with engines or in closely related apparatus, 
brought out a series of facts which has done much to dispel 
the existing confusion and contradictions; concurrently, 
the development of the chain-reaction theory of the slow 
oxidation and explosion of gases has provided a reasonable 
basis for the explanation of the phenomena observed. Con- 
seQuently, it is now possible to advance a general outline 
of the nature of engine combustion, knock and anti-knock 
action, which is in accord with the known facts and appears 
to be theoretically sound. A great many details remain to 
be filled in, and a number of major points are still in doubt, 
but certain basic facts appear to be well established. 


The following survey first reviews these facts, and then 
considers their possible theoretical interpretation. No 
attempt is made to refer to the extensive literature on the 
subject of knock in its entirety; rather, there is presented 
only a selection of those data and conclusions which have 
been instrumental in establishing our present conception 
of the nature of the process. 

Experimental Evidence as to the Nature of Knock 

Normal Combustion. In non-knocking combustion the 
flame, starting from one or more points of ignition, travels 
through the charge with a moderately fast velocity, but 
shows no indication of pulsations or vibration. A detailed 
description of flame travel is given in articles 7, 8, and 9. 
In engine cylinders the flame has been recorded photo- 
graphically and electrically, using windows or ionization 
measuring plugs located at different points in the cylinder 
head [15, 1930; 20, 1927-31; 28, 1932-34; 37, 1931-32; 39, 
1931]. The flame speeds, relative to the cylinder-head walls, 
usually range from 25 to about 250 ft. per sec. in a con- 
ventional type of engine, with a maximum value at the 
point where some 50% of the charge has been burned. 
They are determined principally by the degree of turbulence 
in the charge, which in turn is largely a function of com- 
bustion-chamber design and engine speed. Secondary fac- 
tors of more or less influence on the flame velocity are the 
temperature of the combustion-chamber walls; the design, 
location, and temperature of the sparking-plugs and valves; 
together with the chemical composition of the fuel, the 
air-fuel ratio, and the charge temperature and dilution by 
exhaust gas. The compression ratio, the charge density, 
and the spark advance have little or no effect on the actual 
flame speeds [31, 1927-31], 

Combustion of the fuel is practically complete within 
the narrow flame front, yielding carbon monoxide, carbon 
dioxide, and water [18, 1934; 38, 1930]. The traces of 
hydrocarbons found in exhaust gases result from the 
thermal decomposition of unvaporized fuel and oil on the 
cylinder walls. When the gases behind the flame front 
begin to cool down, readjustments occur in the equilibria, 
2CO+O2 ^ 2CO2, CO+H2O ^ CO2+H2, and H2-I-2OH 

2H2O, in the direction from left to right in each case. 
When, as is usually the case, the initial mixture is rich, 
i.e. the air-fuel ratio is less than the theoretical required 
for complete combustion to carbon dioxide and water, then 
the amount of oxygen remaining behind the flame front is 
very small : as a result, some of the hydrogen formed by 
the second of the above reactions may escape combustion 
and so appear in the exhaust gas. 

The spectrum of the flame front in an engine is similar 
to that of a bunsen burner, comprising a number of 
well-known bands (e.g. C-H and C-C) superimposed on 
a background of continuous emission, the familiar blue 
predominating in the visible [39, 1931-2]. Unfortunately, 
the spectrum cannot as yet yield any detailed information 
as to the nature of the reactions or transformations from 
which it originates. Behind the blue flame appears an after- 
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glow, whose principal visible radiation is in the yellow; its 
ultra-violet spectrum shows CO and OH bands; its infra- 
red emission indicates the presence of carbon dioxide and 
water, with little or no black body radiation. This after- 
glow does not necessarily represent a continuation of the 
combustion process; rather, it apparently results from the 
equilibrium reactions noted above, or else from the pre- 
vious thermal excitation of the molecules and radicals 
present. 

In normal combustion the pressure increases to its maxi- 
mum value in a smooth, continuous manner without pulsa- 
tions or vibration; the combustion proper is ordinarily 
entirely noiseless [36, 1933], although sound waves may be 
emitted if the combustion-chamber surfaces are sufficiently 
flexible to be able to ‘diaphragm’. The rate of pressure 
rise depends not only on the rate of reaction and the engine 
speed, but also on a complexity of variables which affect 
the temperature, and is not constant throughout the cycle 
[24, 1931 ; 32, 1933]. Its maximum value, in modern auto- 
motive engines, is in the neighbourhood of 1,000 lb. per 
sq. in. per 0*001 sec. 

Characteristics of Knock. The occurrence of knock in 
the engine is marked by flame and pressure characteristics 
distinctly different from those of normal combustion. 
These characteristics are confined to a portion of the 
charge, which is the last to bum; i.e. to the so-called ‘end 
gas’. This portion of the charge which enters into knocking 
combustion may vary from an undetectably small amount 
to at least three-quarters of the whole. In any case, that 
portion of the combustion which precedes the knock is 
perfectly regular and is indistinguishable from that ob- 
served in the entire absence of knock, except that its 
velocity may be slightly higher (probably because of the 
fact that the knock increases the cylinder-head tempera- 
tures). 

The flame of knocking combustion seems to sweep 
through the charge practically instantaneously: its actual 
velocity is not accurately known, but appears to be in the 
neighbourhood of 1,000 ft. per see. [28, 1932-4]. This 
value, although much greater than the rate of normal flame 
travel, is definitely less than that of a true detonation wave. 
The latter (whose characteristics have been described in 
Articles 8 and 9) would have a velocity of approximately 
5, (XX) ft. per sec. for air-fuel mixtures similar to those used 
in an engine, provided such mixtures could actually detonate 
[3, 1927]. The spectral emission of the knocking flame in 
general resembles that of the normal flame, but extends 
farther into the ultra-violet and the infra-red; the intensity 
is much greater than in the normal case [6, 1928; 39, 1931- 
2]. In addition, the C-H and C-C bands are weak or 
disappear in the knocking flame. 

Corresponding to the high flame velocity, the rate of 
pressure rise resulting from knocking combustion is also 
high, and attains a maximum value of the order of 
10,000 Ib. per sq. in. per 0*001 sec. [32, 1933]. Although 
much higher than that occurring in normal combustion, 
this value is apparently less than that which would be 
obtained from the initiation of a true detonation wave 
within an engine cylinder: the latter, it has been estimated, 
would probably be more than the cylinder could stand [11, 
1927-8]. The change from the low rate characteristic of 
normal operation to the high rate found when knock occurs 
is sufficiently abrupt and of such magnitude as to result in 
the formation of pressure waves [41, 1934]. These, reflected 
from the cylinder walls, set up a state of resonant vibration 
in the gas within the cylinder, while a forced vibration of 


equal frequency is induced in the cylinder walls, resulting 
in audible sound [33, 1934; 36, 1933]. 

Factors influencing the Tendency to Knock. Other things 
being equal, any change in operating conditions which 
tends to increase the temperature of the charge or to 
lengthen its time of heating prior to ignition increases the 
tendency to knock [34, 1934]. As might be expected, this 
applies particularly to the end gas, where the knock actually 
originates. Conversely, such factors as low temperatures 
of the induction system, the cylinder walls and the pistons, 
freedom from carbon deposits, cool exhaust valves and 
absence of other localized hot spots, high flame speeds and 
low flame temperatures, low compression ratio, high engine 
speeds and turbulence, suitably located sparking-plugs and 
the absence of pockets or dead spaces in the cylinder head, 
all contribute to diminish the tendency to knock. The 
effect of engine speed is of paramount importance; indeed, 
there is some indication that at very high speeds knock 
can never develop, although pre-ignition may set in. The 
influence of an increase in compression ratio is parti- 
cularly marked in increasing the tendency to knock, and is 
due principally to its effect of decreasing the proportion of 
residual exhaust gas in the mixture. Usually, the presence 
of exhaust gas gives considerably lower flame temperatures 
(despite its effect of increasing the initial temperature of 
the charge) owing to its diluent action and high specific 
heat. A secondary effect of increasing compression ratio 
is that of increasing the temperature obtained by adiabatic 
compression. 

All such physical or mechanical variables which are 
found to aflect the knock may be interpreted as modifying 
the temperature or the time factor, or both [34, 1934]. It 
is not certain what effect would be given by a change in 
pressure, all other factors being the same, since this factor 
is not susceptible to completely independent variation. 
However, it appears that the effect, as regards flame speeds, 
is slight [20, 1927-31]; cf. also Article 5. 

The relative effects of the lime and temperature factors 
are not necessarily identical for different fuels. Thus, two 
fuels which have the same tendency to knock under one 
set of engine conditions may differ considerably in their 
relative knocking tendency when some engine variable (for 
example, engine speed or inlet temperature) affecting time 
or temperature is altered (cf. Article 15). 

The tendency to knock depends not only on the physical 
factors of time and temperature, but also on the chemical 
composition of the charge. Here the significant variables 
are the chemical nature, concentration, and heat of vapori- 
zation and combustion of the fuel, the air-fuel ratio, the 
presence of compounds which act as pro- or anti-knock 
agents, and the degree of charge dilution by residual ex- 
haust gas in the cylinder. In general, a chemical composi- 
tion which would be expected to develop low-temperature 
or slow-oxidation reactions under conditions which exist 
in the end gas, at a relatively rapid rate and with a high 
temperature coefficient, increases the likelihood of knock. 
Evidence for the presence of such reactions is given below. 

The chemical nature of the charge not only influences 
oxidation reactions in the end gas, but also affects to a 
certain degree the temperature and speed of the normal 
flame wave. However, there is no evidence that the flame 
characteristics of the charge have any relation to the 
tendency to knock (except indirectly, in so far as they affect 
the end gas). As previously stated, the normal flame which 
appears prior to knock is practically indistinguishable from 
that which appears when knock is absent. Moreover, the 
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knocking flame seems to have the same characteristics 
regardless of whether knock is induced by a change in 
chemical composition of the charge or by a change in the 
physical factors of time and temperature. In brief, it 
appears that the chemical factors influence the initiation 
rather than the propagation of the knocking flame. This 
point will be further considered in the discussion of the 
theory of the process. 

From the practical point of view, the most important 
chemical variable (apart Irom the action of anti-knock 
agents) is the chemical structure of the different compounds 
of which the fuel is composed, variations in which permit 
an extremely wide range of knocking tendency. This point 
is considered in detail in Article 10: in summary, it may be 
stated here that a certain degree of concordance between 
structure and anti-knock value is observed, but the rela- 
tionship is by no means simple or direct and its source is 
not known specifically. Not only do dilTercnt fuels viry 
greatly in their tendencies to knock, but the relative ratings 
of different fuels may also vary considerably with the engine 
conditions employed, as shown in Article 15. Generally, 
it appears that the oxidizability of the fuel is the basic 
factor in determining its knocking tendency, but no definite 
correlation is evident. For example, the so-called spon- 
taneous ignition temperatures of different compounds, 
determined by the usual crucible or tube methods, serve 
only as a rough index of knocking tendency, while the 
temperature of initial oxidation gives an even poorer cor- 
relation. 

Pro- and Anti-knock Agents. The presence of pro- and 
anti-knock agents is a conspicuous fftetor in determining 
the tendency to knock, and their discovery has done much 
to stimulate study of the mechanism of knock. Unfor- 
tunately, the actual operation of pro- and anti-knock com- 
pounds within an engine is for the most part not open to 
direct observation, so that the evidence as to their mode 
of action is largely indirect or inferential, and widely 
different conclusions have been drawn from the results 
obtained. As reported by various investigators, the signi- 
ficant experimental facts are, briefly, as follows. 

Pro- or anti-knock effects are shown by a diversity of 
compounds, present in the fuel in moderate or very small 
concentrations (1-0*001 "j;,). The majority of the known 
pro-knock compounds contain chemically active oxygen 
or else react readily with air to yield it, and include such 
compounds as ozone, organic and hydrogen peroxides, 
nitric oxide and organic nitrites, bromine, hydrobromic 
acid, hydrogen sulphide, ethyl ether, aliphatic aldehydes 
(other than formaldehyde), &c. Probably the most effective 
of these are ozone and ethyl peroxide, of which as little as 
0*001 % in the intake air is sufficient to exert a pronounced 
pro-knock action [4, 1933; 13, 1934]. 

The anti-knock agents are discussed in Article 1 1 ; they 
are, in general, of the same type as the inhibitors for low- 
temperature, liquid-phase oxidations. The best-known 
agents are organo-metallic compounds and a series of ani- 
line derivatives. On a molecular basis, the former are of 
the order of 100 times as effective as the latter, the distinc- 
tion being so marked as to suggest a fundamental difference 
in their respective modes of action. As an example of the 
extraordinary performance of these compounds, it can be 
shown that as little as 1 molecule of tetraethyl lead in over 
200,000 molecules of hydrocarbon is sufficient to give a 
noticeable decrease in knock. Both the relative and the 
absolute effectiveness of an anti-knock agent (e.g. the ‘lead 
sensitivity’) may vary considerably for different fuels and 


for different operating conditions, and for a given fuel is 
not necessarily proportional to the amount added. 

In the case of organo-metallic compounds, it is stated 
by Egerton [11, 1927-8] that the molecule must be dis- 
sociated before the metal atom can be effective; corre- 
spondingly, metals in the form of compounds which are 
chemically stable under the conditions existing in an engine 
are inactive as anti-knock agents. Olin and Jebens [23, 
1929] were unable to show an anti-knock effect of colloidal 
iron, nickel, and lead, perhaps because of the conditions 
of the experiments, whereas Egerton [10, 1927], using 
laboratory methods, found the ignition temperature of 
gasoline to be raised by a number of different metals in 
the vapour slate (cf. ref. Sims and Mardles, Article 1). 

Atomic lead and lead oxide bands appear in the flame 
spectrum of an engine using leaded fuel [39, 1931-2]; other- 
wise, no significant difference has been found between the 
normal flame which precedes knock and the same flame 
after addition of enough lead to eliminate the knock, except 
that the flame velocity may be slightly higher in the former 
case [37, 1931]. Likewise, the knocking flame has the same 
characteristics in the presence of lead (in an amount in- 
sufficient to eliminate the knock completely) as in its 
absence, although the amount of knocking combustion is 
reduced. It has also been shown that the onset of the true 
detonation wave in certain pentane-air mixtures contained 
in a long tube is unaffected by tetraethyl lead [9, 1927]. 
Thus, on the whole, the evidence suggests that the influence 
of anti-knock agents, like that of the chemical composition 
of the fuel, is concerned with the initiation rather than the 
propagation of the knocking flame; and, furthermore, that 
this influence is not connected with any significant altera- 
tion in the character of the normal flame travel. 

Significance of Laboratory Experiments Related to Knock. 
Much of the experimental evidence adduced to explain the 
mechanism of knock and the action of anti-knock agents 
has been obtained in the laboratory under conditions more 
or less different from those which hold in the engine. This 
is particularly true with respect to oxidation reactions. The 
general subject of slow oxidation is reviewed in detail in 
Articles 1, 3, and 4; here it is necessary only to consider to 
what extent the experimental evidence is applicable to the 
problem of knock. 

Outside of engines, practically no study has been made 
of the oxidation of fuel vapours, employing reaction times 
comparable with those which arc available for the end gas 
in the engine, that is, of the order of 0*001-0 010 sec. 
Laboratory experiments on oxidation customarily involve 
time elements some 1,000-fold greater than these values. 
Furthermore, oxidation reactions in general usually exhibit 
an ‘induction period’, that is, an initial time period during 
which the characteristics of the reaction are markedly 
different from those which subsequently appear. This 
induction period may be so short as to ht overlooked in 
laboratory experiments, yet the reactions involved therein 
may well be the factors of prime importance in an engine. 

The conditions of temperature, likewise, are often notably 
different in laboratory and engine studies. In the former 
case, operation at 500° C. or below is necessary to avoid 
ignition or explosions whose occurrence, after a brief delay 
period, makes the examination of the preceding reactions 
practically impossible; the majority of work on oxidation 
and ignition has been carried out in the neighbourhood of 
3(X)° C. In the engine, the maximum temperature attained 
by the end gas, just before its inflammation, can only be 
roughly estimated, but it is probably above 500° C. in most 
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cases. Thus, as a first approximation, we may assume that 
that part of the charge which is the last to bum undergoes 
adiabatic compression from 1 to a maximum of 40 atm. by 
virtue of the movement of the piston and the combustion 
of the rest of the charge: then, with y = 1 -33, and an initial 
temperature of 100° C., the final calculated temperature is 
660° C.; for a compression to only 10 atm., the corre- 
sponding final temperature is 390° C. If anything, these 
calculated temperatures are probably too low, since the 
heat gained by the end gas, from chemical reaction and 
absorption of radiation from the advancing flame front, is 
most likely greater than that lost to the cylinder walls. 

In addition, engine operation involves two factors — the 
turbulence of the charge and the effect of the combustion- 
chamber surfaces — which are not duplicated in other types 
of apparatus. The influence of these factors on the pre- 
flame reactions in the end gas is unknown, but may well 
be considerable, especially for the former of the two. 

On the whole it follow's that correlation between labora- 
tory experiments on oxidation and engine performance is 
not necessarily to be expected and should be attempted 
only with caution; evidence obtained in this manner as to 
the nature of events in an engine cannot be considered as 
more than tentative. 

Preflame Reactions in the Engine. Fortunately, a certain 
amount of reliable knowledge concerning the preflame 
reactions has been obtained directly from engines in actual 
operation, principally from the investigations of Boyd, 
Rassweiler, Withrow, and associates. The facts obtained 
are most significant. In non-knocking operation no indi- 
cation is found of any extensive chemical change in the 
end gas. When the fuel or operating conditions are changed 
in the direction to produce knock, absorption spectra show 
the presence of formaldehyde in the non-inflamed end gas, 
in amounts which increase as the threshold of knock is 
approached [25, 1933-5]. Concurrently, the flame spectra 
show a decrease in the emission of C-C and C-H bands, 
suggesting that the original fuel molecules have been par- 
tially oxidized or dissociated before the arrival of the flame 
front [39, 1931-2]. 

In knocking combustion, absorption spectra of the end 
gas begin to show the presence of formaldehyde about 
0 001 sec. before the knock in an engine running at 600 
r.p.m. [25, 1933-5]; other unidentified products giving a 
continuous absorption spectrum arc also present [40, 1933]. 
The concentration of formaldehyde increases up to the 
point of inflammation; it is independent of the intensity of 
knock, but varies with different fuels of equal knock 
intensity. Suppression of the knock by a change in operat- 
ing conditions eliminates the formaldehyde, as does the 
addition of the anti-knock agent, aniline. When tetra-ethyl 
lead is used, it is stated that this effect does not occur; 
however, the presence of lead does reduce the continuous 
absorption referred to above. At the same time atomic 
lead lines appear in the spectrum, but no lead monoxide 
lines have b^n detected, although separate experiments 
indicate that the latter are stronger than the former in the 
absence of fuel vapour. 

It has also been found possible to obtain a direct, though 
incomplete, chemical analysis of the end gas. Samples 
taken from the end zone of an engine actually running, or 
motored over (while still hot) without ignition, show the 
presence of aldehydes and substances of the peroxide type 
when operating under knocking conditions [12, 1933; 19, 
1928 ; 22, 1931]. In non-knocking operation no peroxides 
are detected; aldehydes may or may not be found. 


Adiabatic compression of an inflammable mixture results 
in spontaneous ignition after a certain time interval, pro- 
vided the temperature attained at the end of the compres- 
sion stroke is so high that the subsequent heat loss to the 
cylinder walls is less than the heat evolution from preflame 
oxidation. The relation between the time lag before igni- 
tion and the compression temperature is found by Tizard 
and Pye [35, 1922, 1926] to conform to a simple logarithmic 
function, obtained by assuming that the rate of heat loss is 
constant, while that of heat evolution follows an Arrhenius 
temperature coefficient equation. These authors’ results 
covered a range of time lags of approximately 0 05 to 
0-6 sec., for which the minimum compression temperature 
necessary for the ignition of a heptane-air mixture was (in 
the particular apparatus used) from 325 to 280° C. Extra- 
polation of their equation to a time lag of only about 
0 001 sec. is quantitatively meaningless, since the slightest 
change in the selected temperature-coefficient constant 
would have an enormous effect on the calculated ignition 
temperature at that short time lag; moreover, there is no 
assurance that the same relation between time and tem- 
perature continues to hold down to 0 001 sec. Neverthe- 
less, it appears that the ignition temperatures for such short 
time lags are probably no lower than indicated by an equa- 
tion of the type given by Tizard and Pye, and from their 
equation it can be estimated that the spontaneous ignition 
of heptane-air in 0 001 sec. requires a temperature of 
roughly 500° C. A series of different fuels may have widely 
different temperature coefficients, with the result that the 
relative ease of ignition at low temperatures and long time 
lags may not be in the same order as that found in an 
engine. For example, carbon disulphide under ordinary 
conditions has a very low ignition temperature, but its 
temperature coefficient is also low, so that for a very short 
time lag the required temperature is much higher than that 
for /7-heptane: in accord with this, the former compound 
has the lesser knocking tendency. The occurrence of spon- 
taneous ignition in the engine, starting from some point 
in the end gas remote from the advancing flame front, has 
not been positively established, but there arc very clear 
indications of its reality in some of the photographs of 
engine flames [8, 1932; 37, 1931]. There is some evidence 
that the ignition may originate from only one or a few 
closely related centres of activity in the compressed gas; 
on the other hand, there is no particular experimental 
reason for believing that the entire mass of gas ignites 
‘simultaneously’ other than to account for the high appa- 
rent flame velocity. 

The effect of anti-knock agents on spontaneous ignition 
temperatures, determined by tube or crucible methods, 
has been extensively investigated. However, as previously 
indicated, it is very doubtful to what extent the results 
so obtained may be applied to ignition by adiabatic com- 
pression, in view of the great difference in the time and 
temperature factors involved. 

Theory of the Cause and Suppression of Knock 

Having listed above the principal facts known at present 
with respect to knock and anti-knock action, there remains 
the question of whether these facts can be fitted into a 
reasonable and consistent mechanism which will provide 
at least a partial explanation of the phenomena observed. 
In so doing, a certain degree of confusion may be avoided 
by considering first the nature of knock itself, and deferring 
until later the problem of the action of anti-knock agents. 
In approaching the subject of knocking combustion it is 
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desirable to make a preliminary study both of the charac- 
teristics of true detonation waves and of the probable 
mechanism of normal flame travel. 

The True Detonation Wave. At the outset it may be 
assumed that knock results either from a special type of 
inflammation or else an actual detonation of a portion of 
the charge, or from a combination of the two. The term 
‘detonation’ here is reserved to define that specific and 
distinctive type of combustion in which the flame front 
moves with the maximum velocity which the combustible 
mixture is chemically capable of maintaining. The nature 
of detonation is fully discussed in Articles 8 and 9; here it is 
only necessary to recall that the ability of a given mixture 
to maintain a detonation wave, the minimum energy re- 
quired to initiate the detonation, and the characteristics of 
the subsequent wave are intrinsic physical constants of the 
mixture, determined almost wholly by its chemical com- 
position alone, and independent of the means by which the 
phenomenon is brought about. Tlie wave is propagated, 
according to Lewis [17, 1930], by a series of so-called chain 
reactions in which the hot, energy-rich reaction products 
arc projected from the flame front into the adjacent layer 
of cold, unburned gas, and furnish the latter with sufficient 
energy of activation for it to react. The term ‘chain icac- 
tion’ designates in general any self-propagated chemical 
reaction in which the energy evolved is not immediately 
diffused throughout the system, but is, at least in part, 
transferred directly to reactant molecules in such manner 
and amount as to provide the necessary energy of activa- 
tion for them to react. The mechanism of this transfer may 
be cither physical or chemical. In either case, the reaction 
of a single molecule, brought about by thermal excitation 
or any other means, serves as the starting-point of a se- 
quence or chain of successive reactions: these processes are 
termed, respectively, the initiation and the propagation of 
the chain, and the reaction products or ‘hot molecules’ 
which transfer the energy between each step are known as 
chain carriers. These single chains are not infinitely long, 
but are eventually interrupted or broken by the deactiva- 
tion of a chain carrier in such a manner (e.g. at a wall 
surface) that no further reaction results. Then, all other 
things being equal, a condition is quickly established in 
which the number of chains initiated and broken in unit 
time is equal, and the velocity of the reaction is constant, 
being the product of the number of chains started and their 
average length. However, in many cases the heat of reac- 
tion is so great that occasionally one single reaction brings 
about two new ones instead of only one: that is, the chain 
has branched. If the conditions of the system change with 
time in such a manner as to increase the probability of this 
chain-branching, then finally, at a certain critical point, the 
over-all probability of the chain extension becomes just 
greater than unity: that is, the chains not only extend in 
space, but also multiply themselves in a geometric progres- 
sion. This branched-chain process is characterized by the 
very brief time interval which it may require to accelerate 
from an inappreciable to an explosive velocity. This con- 
cept of chain reactions has been developed by several 
investigators and is discussed in detail by Semenolf [29, 
1935]. It has provided a satisfactory explanation of the 
mechanism of many reactions whose kinetics are entirely 
incompatible with the older theories of reaction velocity. 

On the average, for every reaction-product molecule that is 
deactivated in this process at least one new energy carrier 
is formed, so that a continuous chain of energy transrnis- 
sion is established. In the case of the detonation wave it is 
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supposed that the energy of the chain carriers is so great 
that very nearly each collision with a reactant molecule 
leads to an immediate activation and reaction of the latter. 
Consequently, the reaction velocity is determined solely by 
the speed with which the chain carriers move: owing to 
their high temperature, velocities of over 10,000 ft. per sec. 
are obtained for fast-burning mixtures. Thus the flame of 
chemical combustion and the accompanying pressure wave 
sweep through the charge simultaneously, with identical 
velocities. This simultaneity is the distinctive and unique 
characteristic of true detonation, as compared with all other 
types of combustion. Because the term ‘detonation’ has 
this specific and long-established meaning, it is perhaps 
unfortunate that it was ever applied to the phenomenon of 
knock, whose nature was not definitely known. This is now 
particularly so since the majority of present-day students of 
the subject are agreed that true detonation seldom, if ever, 
occurs in knocking combustion. It cannot be stated cate- 
gorically that a typical air-fuel mixture in an engine is 
incapable, in the time available, of furnishing the energy 
necessary to initiate detonation in the remainder of the 
mixture, for the reason that the question has never been put 
to experimental proof and cannot yet be solved on a purely 
theoretical basis. Nevertheless, the available evidence, sum- 
marized by Egerton [11, 1927-8] and Bone and Townend 
[3, 1927], indicates that it is very unlikely that detonation 
can occur in an engine operating in the usual manner on 
customary types of air-fuel mixtures. I'he experimental 
data presented earlier in this article, particularly the 
actual flame velocity in knocking combustion observed by 
Schnauffer [28, 1932-4], support this view. In a recent 
summary, Bocrlage and Van Dyck [2, 1934] distinguish 
between knock and detonation, but hold that the latter 
may actually occur in an engine: their evidence for this is 
not convincing, as pointed out by Fraser [14, 1934]. 

The Normal Flame Wave. Although true detonation may 
never occur in an engine, there is no a priori reason why 
there should not exist types of inflammation other than 
that exhibited in the normal flame wave, which may be 
intermediate in character between the normal flame and 
the detonation wave. At the present time, theoretical con- 
siderations alone are unable to give any positive informa- 
tion on this question, largely because the nature of the 
normal flame wave itself, i.e. of slow inflammation in 
general, is not well understood. In particular, it is not at 
all clear why an ordinary flame moves as slowly as it does, 
especially in mixtures in which it is known that a detona- 
tion wave could be maintained if sufficient energy were 
provided to start it. The classic theory holds that the 
velocity of slow flame propagation is determined by the 
rate at which heat conduction from the flame front raises 
the adjoining layer of unbumed gas to its ‘ignition tem- 
perature’. In the light of modern chemistry this concep- 
tion is inadequate, as Lewis and Von Elbe [18, 1934] 
remark, since it omits all consideration of the role played 
by the active atoms and radicals known to exist in the 
flame front. The presence of active atoms and radicals in 
the flame front suggests at once the application of the 
chain-reaction theory to the problem of the normal flame, 
since such atoms and radicals are a frequent factor in the 
propagation of reaction chains. 

We have already seen that the concept of chain reactions 
provides a satisfactory explanation of the detonation 
wave. It is known, also, to govern the kinetics of slow 
autoxidation and the accompanying chemiluminescence of 
hydrocarbons (cf. Articles 3 and 4). It seems, therefore, very 


IV 



DETONATION 


2932 

probable that ordinary hydrocarbon flames involve these 
chain reactions. In this case, to account for the relatively 
slow velocities observed, it is only necessary to assume that 
the chain carriers undergo a considerable number of fruit- 
less collisions with the reactant molecules between each 
succeeding step in the reaction. That is, the interaction be- 
tween the chain carrier and the reactant molecule does not 
appear as a simple physical transfer of energy, but partakes 
of the nature of a chemical reaction and itself requires an 
energy of activation. There is abundant evidence for the 
existence of chain reactions of this kind in many gas-phase 
reactions of the elementary type whose kinetics have been 
studied, and there seems no reason why such reactions 
should not occur in hydrocarbon flames as well. 

On this hypothesis, the flame velocity is a function of 
such variables as the number of chain carriers emitted, 
their available energy, and the surplus energy of activation 
which the reactant molecule requires for its interaction 
with the chain carrier. These quantities, in turn, are de- 
pendent, in order of increasing importance, on the pressure, 
temperature, and chemical composition of the unburned 
gas. If these variables remain constant (as in the case of 
a gas mixture fired in an open tube in which there are no 
reflected pressure waves), then the flame velocity should be 
a constant for each particular case: this is found experi- 
mentally to be so, as shown in Article 8. In the extreme 
case, if the efficiency of chain transmission is very low or 
the surplus energy of activation required is high, then the 
heat of reaction does not remain concentrated in the chain 
carriers, but becomes, at last, diffused throughout the un- 
burned gas; the flame then travels on the crest of a heat 
wave, i.e. by the classical mechanism. On the other hand, 
under favourable conditions the flame may be expected to 
travel with a velocity much greater than that determined 
by the simple conduction of heat, but still less than that 
of the detonation wave. 

In an engine, the pressure, temperature, and chemical 
composition of the unbumed gas ahead of the flame front 
are continuously changing, and the flame velocity might be 
expected to show a regular increase as the combustion pro- 
ceeds. Actually, the rate of flame travel, relative to the 
cylinder-head walls, usually reaches a maximum at or 
before the mid-point of the combustion, and then declines 
more or less until either the charge is fully burned or knock 
occurs [20, 1927-31 ; 28, 1932-4; 37, 1931]. '^The maximum 
velocity is, however, much greater than that which would 
be obtained under conditions which were the same, except 
for the absence of turbulence and mass movement in the 
charge. The result of decreased turbulence, after the flame 
passes the centre of the combustion zone, may be so 
marked as completely to obscure the effect of those changes 
in the unbumed gas which tend to increase the flame rate. 

Accordingly, the normal flame in an engine may be con- 
sidered in general terms as a series of chemical reactions 
whose progress is self-inhibited until a condition of dyna- 
mic balance is attained; at this point the intrinsic rate is 
determined principally by the chemical make-up of the 
charge, while the much greater visible velocity is established 
by turbulence. 

The Flame Wave of Knock. The question then arises, by 
what mechanism or under what conditions may a flame 
be propagated with velocity characteristics intermediate 
between those of normal flame travel and of detonation? 
In this connexion it is pointless to distinguish between a 
flame originating at one single spot and spreading with ab- 
normal rapidity throughout the g^s, and a ‘simultaneous’ 


or spontaneous ignition developing from a large number 
of separate foci at nearly the same instant. In both cases 
the initial condition of the charge is presumably about 
the same — a state of extra-inflammability, with very little 
energy of activation required to bring about reaction — and 
the final conditions — the state of complete combustion — 
are essentially identical, so that in a thermodynamic sense 
the two modes of inflammation are the same. In any event 
there no longer exists in either case that condition which 
restricted the velocity of the normal flame to its low value. 

A review of the experimental facts in the first part of 
this article indicates clearly that the nature of this change 
in the unburned charge consists in an alteration of the 
chemical composition thereof, produced by the develop- 
ment of slow oxidation reactions. Profound variations in 
temperature and pressure alone, without accompanying 
chemical change, have no noticeable effect on the inflam- 
mability, whereas in every case in which extensive oxidation 
occurs in the end gas there results a knock or a state of 
incipient knock. 

It is evident that in any brief interval of time the total 
change in the chemical composition of the end gas pro- 
duced by its slow oxidation will be very slight. Hence it 
may at first glance appear strange and unlikely that such 
a relatively minute change can so suddenly modify the 
inflammability of the gas that there occurs an abrupt transi- 
tion from the normal rate of burning to knocking com- 
bustion. However, these sudden variations in rate resulting 
from slight chemical changes in the system are charac- 
teristic of chain-reaction processes, and are, indeed, no 
more extraordinary than some of the similar effects result- 
ing from slight changes in pressure or temperature, at a 
critical point. 

It is true that spontaneous ignition is usually regarded 
as the result of a local increase in temperature, without 
consideration of any change in chemical composition, a 
conception which doubtless is derived from the fact that 
temperature is a variable which can readily be measured, 
whereas slight changes in chemical composition prior to 
ignition arc difficult to detect. Actually, the adiabatic com- 
pression experiments indicate that the final, critical incre- 
ment in temperature is that derived from preceding 
chemical change rather than from the compression alone; 
in particular, one experiment of Tizard and Pyc [35, 1922- 
6] in which two compression strokes occurred before igni- 
tion, with the second at a lower temperature than the first, 
strongly suggests that the chemical change in the gas during 
the compression, as well as its temperature, is an essential 
factor in determining the ignition point. It has been ob- 
served [1, 1934] that the ‘upper’ spontaneous ignition 
of a preheated hydrocarbon-air mixture flowing slowly 
through a glass tube of uniform temperature (near 500'" C.) 
begins, not at the entrance of the tube, but at a point some 
6 in. removed, after a contact time of about 7 sec, : during 
this interval no appreciable rise in temperature occurs in 
the gas stream, and it can only be supposed that the ignition 
is a result of changes in chemical composition of the mix- 
ture. While the application of these particular results to 
combustion in an engine is, as previously pointed out, 
questionable, nevertheless the sum total of the evidence is 
such that we may safely consider the onset of knock to be 
a result of chemical changes in the end gas, rather than 
a simple effect of temperature per se, 

Preflame Oxidation. Since the actual mechanism of the 
process is still entirely obscure, it is difficult to make any 
suggestion as to the exact nature of the preflame reactions 
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which induce knock, and as to how these reactions act to 
lower the energy of activation required for inflammation. 
Generally speaking, it seems probable that the original fuel 
molecules are partially oxidized, giving active or energy- 
rich products. These may subsequently, on a favourable 
collision with other reactants, bring about further oxida- 
tion and the formation of additional active products, thus 
continuing a reaction chain. On the other hand, an un- 
favourable type of collision will cause a deactivation of 
these chain carriers and a termination of the chain, the 
energy of the carriers being distributed throughout the gas 
in the form of heat. So long as this deactivation process 
predominates, the net effect over a given interval of time 
is merely a partial oxidation of a portion of the original 
fuel and a slow rise in the temperature of the mixture; the 
deactivated products are too stable or else their concentra- 
tion is too small to modify the inflammability of the 
mixture as a whole to any considerable extent. Ir. the 
absence of knock, this condition prevails in the end gas 
until the arrival of the flame front and the subsequent 
inflammation of the gas at about the normal rate. 

When, however, the time and temperature factors are 
such that knock can occur, the kinetics of the reactions in 
the end gas are modified in the following way. As the 
temperature rises, the number of active molecules formed 
in unit time by spontaneous oxidation of the fuel may 
increase somewhat and the probability of their deactivation 
almost certainly becomes less. The latter is the important 
factor, since it increases the extension of the reaction chains 
and the autocatalytic production of the active products, 
and leads finally to the development of branching chains 
(cf. the footnote above). Then, at the critical point at 
which the probability of chain branching becomes unity, 
there is a sudden and very considerable increase in the 
concentration of activated oxidation products in the end 
gas. Until deactivation of these products occurs, the re- 
sulting mixture is far more inflammable than the original 
air-fuel mixture. Accordingly, its combustion may be 
abruptly completed by a flame which spreads, from one 
or more points, at a rate much greater than in normal 


inflammation. 

It is evident that this process of sudden partial oxidation, 
followed by inflammation, does not necessarily correspond 
in velocity to a true detonation wave. The branching-chain 
reaction which forms the partial oxidation products may 
be extremely rapid relative to the preceding stiaight-chain 
reaction, and still have a molecular collision efliciency less 
than that occurring in a detonation wave. This is to be 
expected if, as seems quite probable, the chains are long 
and the coefficient of branching is low. In this event, the 
subsequent inflammation and complete combustion of the 
products from this branching-chain reaction cannot occur 
with the same velocity as the corresponding process in a 
detonation wave, since the necessary energy of activation 
is not provided at the same rate. 

It may be noted here that the primary reaction which 
precedes the ignition of the end gas has been considcre 
by some workers to be a thermal decomposition ot the tuel, 
followed by oxidation of the resulting radicals or smaller 
molecules, rather than a direct oxidation of the original 
fuel. Thus Rice [27, 1934] has found a relation between 
the knock ratings of the nine isomeric heptanes and the 
number of hydrocarbon molecules produced from each by 
thermal decomposition, while Boerlage and Van Dyck [2, 
1934] have correlated the cetene numbers (tendency to 
ignite in a Diesel engine) of different fuels with their velo- 


cities of cracking. Steele [30, 1933] supposes that free 
hydrogen liberated as a result of cracking is instrumental 
in causing knock. In general, there is no doubt that thermal 
decomposition and oxidation are closely related reactions, 
and the latter may well be more or less dependent on the 
former, at least in the initial stages: on this point the 
evidence is still inconclusive. It is certain that oxygenated 
pioducts are present in considerable concentration at some 
stage in these preflame reactions. Regardless of whether 
such compounds are formed directly or as a result of a 
previous thermal decomposition, it appears likely that they, 
rather than the unoxidized products of cracking, are re- 
sponsible for the development of that critical reaction 
velocity which results in the spontaneous ignition or ab- 
normally rapid inflammation of the charge. However, 
either type of reaction — oxidation or decomposition — or 
the combination of both is embraced in the general theory 
of the process developed above, if it is assumed that chain 
reactions arc involved in any case. 

It is evident that this dependence of knock on preflamc 
oxidation reactions provides a ready explanation for the 
considerable variation in knocking tendency shown by 
different fuels whose inflammabilities, heats of combustion, 
and physical properties in general are quite similar, but 
whose chemical reactivities show certain significant differ- 
ences. The difference in effect of engine variables on the 
knocking tendency of different fuels is also readily ex- 
plained, since it cannot be expected that a given variation 
in the temperature or time factors should affect the pre- 
flamc reactions in the end gas identically for fuels of unlike 
chemical composition. Despite extensive investigations on 
the subject, the relation between the molecular structure 
of the fuel and its oxidation characteristics is still far from 
clear, but the results obtained to date are adequate to show 
that the variations in these characteristics are sufficient to 
account for the differences in absolute and relative knock- 
ing tendency observed. 

Hence, in brief, the normal flame wave is considered to 
be maintained by the emission of highly energized com- 
bustion products into a relatively unreactive or stable gas, 
whose subsequent reaction is, accordingly, moderately slow; 
in knocking combustion, the flame passes through a mixture 
which, just previously, has become charged with reactive 
products of partial oxidation, in a concentration sufficient 
to permit a relatively rapid flame development or travel. 

1 he foregoing hypothesis as to the manner in which the 
normal flame travels and the knock is initiated is admittedly 
speculative, and must be so since there is little or no direct 
experimental evidence as to the actual mechanism involved. 
It is in general agreement, in so far as the origin of knock 
is concerned, with the conclusions of most of the other 
investigators who have considered the subject in a com- 
prehensive manner. Thus Egerton [11, 1927-8] considers 
that slow oxidation in the end gas by a chain-reaction 
mechanism leads to the formation of molecules in high 
energy states, which then undergo a rapid, enhanced com- 
bustion; Mondain-Monval and Quanquin [22, 1931] sug- 
gest that the fuel is broken up into oxygenated fragments 
which, when formed in sufficient quantity, permit an ab- 
normally rapid rate of combustion by virtue of their high 
latent energy. 

In modification of the spontaneous ignition theory, Cal- 
lendar [5, 1927] has claimed that ‘peroxide’ substances are 
formed in nuclear drops of un vaporized tuel and there act 
as ignition primers, so that these fuel drops become foci for 
the sudden ignition of the unburned charge. This hypothesis 
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cannot be considered satisfactory since it fails, among other 
things, to account for knock in mixtures known to be 
entirely in the gaseous condition, and to explain the 
sensitive dependence of knock on mixture strength. 

Pro- and Anti-knock Action. The theory of the mechan- 
ism of the normal and knocking flames outlined above 
indicates a relation between these phenomena and the 
chemical composition of the fuel charge, but contains no 
reference to the action of pro- and anti-knock compounds 
which may be highly effective at a concentration so small 
that the bulk composition of the fuel remains virtually the 
same as in their absence. Indeed, such a theory could have 
been devised quite independently of all knowledge of pro- 
and anti-knock action, and could still be considered valid, 
but actually it receives its strongest support from the fact 
that it embraces the only mechanism yet found satisfactory 
to explain the effect of anti-knock agents — that is, the 
inhibition of chain reactions in the end gas. 

Prior to the development of the idea of chain reactions, 
many different mechanisms were proposed for anti-knock 
action, and conceptions of the nature and cause of the 
knock itself, which corresponded with these mechanisms, 
were put forth. In general, these theories are unable to 
account for more than one or two of the following essential 
facts: (1) a single molecule of an anti-knock compound can 
distinctly affect the knocking tendency of over 200,000 
molecules of fuel; (2) the same is true of pro-knock com- 
pounds, and these two actions are mutually antagonistic; (3) 
these effects are chemical rather than physical properties 
of the compounds in question, and appear in general to 
be chemical rather than physical phenomena ; (4) they are 
manifested in the brief time interval prior to the inflamma- 
tion of the charge; (5) the change from normal to knocking 
combustion is abrupt rather than continuous. 

Among the earliest theories proposed are those which 
ascribe to anti-knock agents a positive catalytic action 
whereby combustion of the fuel is promoted during the 
early stages of the cycle, thus avoiding a sudden release of 
energy in the final period. These ideas are so at variance 
with most of the experimental facts that they have long 
been abandoned. However, this conception led to the dis- 
covery of anti-knock compounds by Midgley [21, 1920-2], 
since it was supposed that coloured compounds in the fuel 
might reduce knock by absorbing radiant energy from the 
advancing flame front, thereby promoting the vaporization 
and subsequent combustion of the fuel: the first compound 
selected for this purpose was iodine (which happens to have 
considerable anti-knock value). Further experiments with 
oil-soluble dyes at once made it apparent that this theory 
was incorrect. It is still uncertain to what extent radiation 
from the flame front influences the preflame reactions in 
the end gas, but it is now clear that anti-knock agents have 
no significant effect on the radiation itself. 

Conversely, theories of anti-catalytic surface action have 
been advanced, primarily based on the idea that the sim- 
plest way to account for the effectiveness of a minute 
amount of an anti-knock agent is to consider that it poisons 
or suppresses the action of a normally present surface cata- 
lyst. The anti-catalyst is regarded as concentrated at the 
active spots on the combustion-chamber surface where the 
reactions leading to knock are initiated. However, there is 
little evidence for the occurrence of significant surface 
reactions in an engine, while, on the other hand, there are 
many indications that pro- and anti-knock action takes 
place in the gas phase: consequently, theories of surface 
action of this type have been discarded. 


It has also been suggested that ions projected from the 
flame front activate the unbumed portion of the charge 
to a state where abnormally rapid combustion becomes 
possible, and that anti-knock agents absorb this electrical 
energy and later discharge it in such wise as to prevent 
activation of the fuel. While it is probably true, as pointed 
out above, that the emission of ions is an important method 
of flame propagation, it remains to be shown that these 
ions can do more than continue the progress of the normal 
flame wave in a given mixture, and an explanation of anti- 
knock action on this basis is inconsistent with the chemical 
nature of that action. 

Anti-oxidant Action. All of these and other similar 
theories seem untenable as soon as it is clearly realized 
that the ignition of gases in general and knock in particular 
are not isolated phenomena, but are invariably accom- 
panied by a period of preflame autoxidation, and that the 
anti-knock compounds are efficient inhibitors (often incor- 
rectly termed ‘negative catalysts’) for such auloxidations, 
while pro-knock compounds have the opposite effect. The 
development of this conception has been retarded by the 
fact that, until recently, the experimental data on which it 
is based were obtained under conditions often radically 
different from those prevailing in an engine; as a result, 
the correlation of these data with engine performance was 
very uncertain, and several different interpretations of the 
results have been advanced. Nevertheless, the following 
two primary facts are evident. 

First, the onset of knock is an ignition essentially similar 
in kind to the much slower ignitions observed in crucibles, 
tubes, and adiabatic-compression machines. These igni- 
tions are invariably preceded by a time interval during 
which autoxidation occurs, the length of this interval being 
determined by the velocity of oxidation and its temperature 
coefficient, on the one hand, and by the inflammability of 
the charge on the other. Since these two factors are, at 
least to a certain degree, independent of each other, it 
follows that both must be separately considered in deter- 
mining the tendency of a given fuel to knock, and in 
evaluating the effect of anti-knock compounds. Accord- 
ingly, it does not appear necessary to invent any mechanism 
whereby anti-knock agents affect the innate inflammability of 
the fuel, provided it can be shown that these agents do modify 
the velocity of preflame oxidation to an extent sufficient 
to account for the observed diminution of knock. 

Second, the anti-knock compounds unquestionably are 
inhibitors of the slow oxidations which precede ignition in 
tubes and crucibles, and there is no reason to suppose that 
they do not have the same action during the shorter time 
of preflamc reaction in an engine. It is true that the latter 
supposition was not until recently put to direct experi- 
mental test, but spectographic investigations of Withrow 
and Rassweiler [25, 1933-5; 40, 1933] have now provided 
a certain amount of definite evidence for the correctness 
of this hypothesis. Our knowledge of gas reactions in 
general indicates that there is no time lag or induction 
period in the action of an inhibitor (as is sometimes the 
case for a positive catalyst), provided the inhibitor is avail- 
able in its reactive form. This last qualification is pre- 
sumably responsible for the failure to observe the expected 
effect of anti-knock agents on some of the ignitions in 
adiabatic-compression machines. 

This general conception — that pro- and anti-knock com- 
pounds alter the ignition characteristics pf the unbumed 
charge by modifying the amount or velocity of preffame 
oxidation therein — at once provides a valid explanation for 
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the various different features which characterize pro- and 
anti-knock action, particularly the chemical nature thereof. 
However, the detailed development of this pro- and anti- 
oxidant theoty has taken several different forms, owing to 
the different interpretations placed on the results of labora- 
tory experiments and the lack of knowledge as to the exact 
conditions existing in an engine. 

Chain-reaction Theory. The reactions involved in this 
pro- or anti-oxidant action are variously considered as 
peroxidations, hydroxylations, thermal or oxidative decom- 
positions, &c., or , in more simple and general terms, as 
chain reactions. This last designation, although for some 
reason objected to by certain authors, appears at the pre- 
sent dme definitely preferable to any other more specific 
definition, since it involves no assumptions whatever as to 
the actual reaction mechanism, but merely rcQuircs that 
the reaction propagate itself throughout the charge and 
that this propagation may be promoted by a pro-knock 
compound or interrupted by the action of an inhibitor. 

Although this conception of the reaction may seem im- 
satisfyingly indefinite, the fact remains that, despite the 
extensive amount of work which has been done on autoxi- 
dations, we still have practically no knowledge of the actual 
mechanism involved or of the unstable intermediate pro- 
ducts formed. All recent investigations indicate that those 
reaction products which can be isolated and, in part, 
identified, such as aldehydes, alcohols, peroxides, &c., are 
no more than the end products of the reaction chain; they 
are chemically too stable to play an active role in the 
reaction mechanism. The chain carriers and the chemically 
active products which are responsible for such phenomena 
as autocatalysis and induced oxidation appear to exist as 
such for no more than a fraction of a second, and are 
probably best described by the general designation of free 
radicals. When such radicals contain oxygen, they may be 
expected to have peroxide properties, but to describe them 
as ‘peroxides’ is unwarranted and leads to confusion be- 
tween them and the relatively stable peroxides which have 
been isolated from the end gas. 

Correspondingly, the specific method by which pro- or 
anti-knock compounds promote or repress the propagation 
of the reaction chains remains unknown, although there 
is considerable evidence that the process in each case is one 
of oxidation. 

The pro-knock materials are usually of a chemical type 
which would be expected to initiate oxidation processes, 
and it appears probable that their function is merely that 
of starting reaction chains at a rate much greater than 
that which would normally result from thermal action 
alone. Then, if the absolute number of chains broken in 
unit time by deactivation of the chain carriers is not pro- 
portionately increased, it is clear that the critical point 
(where the chains arc formed faster than they arc broken) 
will be reached in a shorter lime, thus giving the charge 
a greater opportunity to knock. Since we have no informa- 
tion as to how the reaction chains arc normally broken in 
an engine, the foregoing hypothesis is in a large degree 
speculative, but it docs embrace the known tacts in as 
simple a manner as possible. If subsequently it appears 
that pro-knock agents alter not only the initiation, but also 
the extension and breaking of chains, the hypothesis may 
be expanded accordingly. 

Anti-knock agents, as explained in detail in Article 11, 
fall into two distinct classes: metallic elements and non- 
mctallic organic compounds. There may also be considered 
in this connexion the non-knocking fuels, since there is 


perhaps some indication that these fuels are not merely 
inert diluents, but may exert a slight, specific anti-knock 
action when blended with knocking fuels. 

As a class, the metallic anti-knock agents and the organic 
compounds exhibit a difference in relative effectiveness so 
marked as to suggest a fundamental distinction between 
their respective modes of action. Egerton [11, 1927-8] attri- 
butes the anti-knock effect of the metallic agents to the 
fact that the metals in question are capable of forming two 
or more oxides in equilibrium at the temperature of the 
end gas in an engine, and that the oxide is the active agent 
which breaks the reaction chains. Other evidence suggests 
that the free metal atom is involved. In any case, it appears 
possible that in this process the inhibitor is not permanently 
destroyed or removed from the sphere of reaction, but 
instead is able to reform the active oxide or atom, so that 
each inhibitor molecule may act over and over again, in 
a manner analogous to that of a positive catalyst (such as 
an oxygen carrier) in homogeneous solution. On the other 
hand, the relatively unstable organic anti-knock com- 
pounds probably cannot undergo such reversible reactions 
in an engine, at least to any great extent. Like the organic 
anti-oxidants in liquid-phase autoxidations, they usually 
arc, in the act of chain-breaking, oxidized, decomposed, or 
otherwise rendered ineffective for further inhibitory action, 
as is known to be the case in liquid-phase autoxidations. 

This difference in permanency of action immediately 
supplies an explanation for the distinction between the 
metallic and organic anti-knock compounds, and accord- 
ingly appears as an attractive hypothesis, although there 
is very little experimental evidence bearing on the matter. 
However, results of spectrographic investigations [25, 
1933-5], showing a notable difference in the amounts of 
formaldehyde formed prior to inflammation in the end gas 
on eliminating knock by addition of tetraethyl lead or of 
aniline, suggest that the action of these compounds may 
differ in kind as well as in degree. On the whole, it is 
evident that further experimentation is required before a 
mechanism of anti-knock action can be developed more 
specific than that outlined above. 

Summary. Much of the foregoing discussion necessarily 
involves physico-chemical principles which may be un- 
familiar to many readers, for whose benefit the following 
brief summary in simple terms is appended. 

Most flames and explosions fall into the category of 
chain reactions in which the reaction is extended from one 
molecule to another by direct molecular interaction rather 
than by general diffusion of heat, thus giving a scries or 
chain of consecutive reactions. The continuation of such a 
chain is conditioned by the efficiency with which the mole- 
cular interaction occurs. 

Jn an Otto-cycle engine the normal type of flame moves 
but moderately fast, since the end gas (the unburned por- 
tion of the charge ahead of the flame front) is relatively 
slow to react — that is, the efficiency of the chain-continua- 
tion process is low. This results from the fact that the 
different kinds of fuel molecules which may be present in 
significant amounts arc all, relatively speaking, quite stable 
as regards inflammation. Hence the intrinsic velocity of 
normal combustion is not greatly affected by wide varia- 
tions in fuel composition or moderate changes in pres- 
sure and temperature, or by the presence of anti-knock 
agents. 

Before the arrival of the flame front slow oxidation 
occurs in the end gas by a chain-reaction mechanism. 
Normally, the amount of such oxidation is slight and the 
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products formed have no important effect on the subse- starts pressure waves in the burned gases which are rc- 

quent inflammation. However, when the temperature sponsible for the sound of knock. Although very rapid, 

of the gas and the time available for its oxidation are this knocking combustion does not reach the velocity of 

sufficiently increased, the chain-continuation efficiency in- a true detonation wave, which is a phenomenon of some- 

creases up to a critical point. At this point the chains what different nature. 

multiply in number very rapidly, and the partial oxidation Anti-knock agents act as inhibitors for the slow oxida- 
of the unbumed fuel increases abruptly. The products of tion reactions in the end gas. Their effect is to break short 

this oxidation are very unstable compared with the original the reaction chains and so prevent the chain development 

fuel, and, being present in high concentration, can propa- from reaching that critical point at which its multiplication 

gate a flame with high velocity. This sudden combustion begins. 
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L MODES OF IGNITING AN INFLAMMABLE 
MIXTURE 

A BRIEF review of the different processes whereby an in- 
flammable mixture can be ignited is necessary in order to 
understand the bearing of processes of slow oxidation on 
ignition. These may be listed as follows: 

1. The mixture of tuel and air or oxygen is suddenly 
admitted to an evacuated vessel maintained at the appro- 
priate temperature. The initial pressure can be adjusted, 
and after a period of preflamc lasting a few seconds, and 
usually accompanied by a faint luminosity, ignition takes 
place with a flash and sudden increase of pressuie, pro- 
vided the initial temperature, pressure, and concentration 
of the mixture are suitably chosen. This has been called 
the ‘Pyrometer Method’ by Mallard and Le Chatclier [57, 
1913], and has been used by authors such as White and 
Price [97, 1919], Mason and Wheeler [60, 1922, 1924], 
Prettre and Lalfitte [74, 1929], and Townend and others 
[93, 1933, 1934]. 

2. A modification of the above method is to admit the 
mixture cold, and heat the vessel at a steady rate. The 
temperature at which ignition occurs is observed mano- 
metrically. When the rate of heating is slow, very rapid 
reaction sets in in place of ignition at a critical temperature. 
The method has been used by Lewis [55, 1927, 1929], 
Pidgeon and Egerton [69, 1932]. 

3. The gases are allowed to flow through a tube main- 
tained at a suitable temperature, which is varied till ignition 
occurs. The mixture is either preformed (Mallard and Le 
Chatelier (l.c.), Alilairc [1, 1917], Prettre [73, 1931], 
Mason and Wheeler [60, 1924], Dumanois and Mondain- 
Monval [24, 1928]) or the constituents are led in separately 
through concentric tubes (Dixon, Higgins, and Harwood 
[22, 1926], Dixon [22, 1934]). In this method a delay is 
again observed before the appearance of flame. 

4. By mixing preheated streams of fuel and air in a large 
vessel continuously evacuated, the effect of the walls of the 
vessel has been largely eliminated (Haber and Alyea [41, 
1930], Goldman [38, 1926]). 

5. By heating the combustible mixture up to the ignition 
temperature by adiabatic compression, ignition takes place 
under somewhat different physical conditions. The method 
has been used by authors such as Tizard and Pye [92, 1922, 
1926], Dumanois and Mondain-Monval [24, 1928], Pignot 
[70, 1926], Aubert, Pignot, and Villey [2, 1927]. 

6. A large number of ignition temperatures have been 
determined by methods where the physical and chemical 
conditions are not well defined (e.g. Moore [63, 1917, 1918, 
1920], Egerton and Gates [28, 1927], Boord and Schaad 
[19, 1929]). Owing to the great influence which the nature 
and temperature of the surface, the concentration of the 
gases, and time of heating can have on ignition, the ignition 
temperatures so obtained are subject to much variation. 

7. When an inflammable mixture is ignited by producing 


a high local concentration of active centres, as in the 
electric spark, processes of slow combustion only affect the 
resulting explosion if they have time to produce a chemical 
change in part of the charge. In the internal-combustion 
engine the phenomenon of knock is associated with such 
chemical changes in the last part of the charge to burn, 
and is due to a special type of ignition of a mixture pre- 
sensitized by slow combustion (Withrow, Lovell, and Boyd 
[99, 1930], Withrow and Rassweiler [99, 1933], Rassweilcr 
and Withrow [75, 1932], Egerton, Llewellyn Smith, and 
Ubbelohde [28, 1935]). 

A study of the processes of slow oxidation leading to 
ignition is of importance in two ways. In the first place, 
in all the above methods the inflammable mixture is un- 
avoidably subjected to a period of heating up, and the 
small quantities of combustion products formed during this 
interval may have notable effects on ignition (cf. Lewis 
[55, 1927“30], and the effect of aldehydes on the ignition 
of pentane, Townend [93, 1934]). This aspect of the pro- 
blem will be referred to again in connexion with induction- 
period phenomena. A second and more important aspect 
of slow combustion rests on the assumption that the incon- 
veniently rapid processes taking place during ignition are 
essentially of the same kind as those taking place a few 
degrees below the ignition temperature, where the rate is 
sufficiently slow to permit a detailed study. Our informa- 
tion on the mechanism of ignition rests almost entirely on 
the results of experiments on slow combustion in the neigh- 
bourhood of the ignition point. 

11. METHODS OF STUDYING SLOW 
OXIDATION 

According to the equation CaH^H 5 O 2 -- ^ 3C02-h4HjO, 
the oxidation of even a relatively simple fuel like propane 
must necessarily occur in stages, owing to the fact that the 
probability of the simultaneous collision of one molecule 
of propane with seven of oxygen is vanishingly small. 
When the intermediate compounds which are formed in 
oxidation arc sufficiently stable, they can usually be isolated 
by suddenly chilling the mixture, and identified by various 
chemical means. The information given by chemical 
methods must, however, be supplemented by various 
physico-chemical studies, owing to the fact that inter- 
mediates of great importance for combustion may not be 
stable enough for isolation. In elucidating processes of 
slow oxidation, use has been made of the kinetics of the 
reaction, and of the significance of such phenomena as 
chemiluminescence, the induction period, wall effects, and 
the effect of positive and negative catalysts. The absorp- 
tion spectra of certain intermediates has also been used to 
prove their formation during combustion. A brief review 
of the scope of each of these methods will be given before 
describing results with individual fuels: 
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(a) Chemical Methods. 

Processes of slow oxidation corresponding to each of the 
methods of ignition described above have been studied 
by chemical means. Corresponding to methods 1 and 2, 
samples of a combustible mixture have been heated at a 
given temperature for a finite time, and suddenly chilled 
and analysed; alternatively, samples can be drawn off from 
a larger bulk at intervals. In order to obtain the inter- 
mediates, insufficient oxygen is usually added to oxidize the 
fuel completely (cf. Bone and others [10-16, 1902-32], 
Rideal and Brunner [77, 1928], Brunner [20, 1927-30], 
Mardles [58, 1931], Newitt [65-6, 1932-3]). 

Corresponding to method 3 is the circulatory method of 
collecting intermediates, in which the combustible mixture 
is passed through a heated reaction chamber at various 
rates, and the mixture suddenly cooled at the exit. On 
account of the greater yields it affords, this method has 
been used very extensively, both in purely theoretical re- 
searches and in attempts to obtain valuable intermediates 
from petroleum by-products (e.g. formaldehyde from 
ethane, Marek and Hahn [59, 1932]). Amongst some of 
the researches important for the study of slow combustion 
may be cited: Bone and Wheeler [15, 1906], Wheeler and 
Blair [96, 1922], Gill, Mardles, and Tctt [37, 1928], Prettre 
and Laffitte [74, 1929], Mondain-Monval and Quanquin 
[62, 1931], Ubbelohde [94, 1935, part II]. 

Corresponding with method 5, a valve for sampling the 
cylinder gases at various portions of the compression stroke 
in an internal-combustion engine has been developed 
by Lovell, Coleman, and Boyd [56a, 1927], and also by 
Egerton, Llewellyn Smith, and Ubbelohde [28, 1935]; 
owing to the accurate timing of the sampling, slow com- 
bustion occurring during an interval of 1/500 sec. can be 
investigated. 

When the samples have been collected in one of these 
ways they have to be analysed for the various intermediates 
occurring in combustion. The various gases, CO, CO2, H2, 
H2O, CH4, See., are analysed according to the standard 
methods of gas analysis. The following reagents may be 
used in testing for other products of combustion (cf. Eger- 
ton, Llewellyn Smith, and Ubbelohde [28, 1935], Mondain- 
Monval and Quanquin [62, 1931], Vorlander [94^7, 1929], 
Manning, King, and Sinnatt [57a, 1928], Pease [68, 1934]): 

Aldehydes. Schiff ’s reagent, made up by just decolorizing 
a 0*04% solution of rosaniline hydrochloride with SO2, 
gives a magenta colour with most simple aldehydes. The 
sensitivity can be altered by varying the pH. Thus, if an 
equal volume of 10% H2S04 is added, the reagent will 
react only with formaldehyde, and the addition of sodium 
acetate makes it more sensitive to higher aldehydes. For 
formaldehyde a 3% solution of aqueous aniline gives a 
cloudy precipitate, and phloroglucinol in cone. H2SO4 an 
orange-red colour. The use of Vorlandcr’s reagent, di- 
methyl-dihydroresorcinol, may also be mentioned amongst 
many other methods for identifying aldehydes. 

Oxides of Nitrogen. The Griess-lslovsky reagent is very 
sensitive. The reagent is freshly made by mixing equal 
volumes of 010% alpha-naphthylamine in N/lOO acetic 
acid with 0*5% sulphanilic acid in N/lOO acetic acid, and 
adding 1 c.c. glacial acetic acid for each 20 c.c. mixture. 

Organic Peroxides. 0-5% potassium iodide in dilute 
H2SO4 *4“ starch is a very sensitive reagent, but unless a 
suitable catalyst is used this may fail to detect certain 
organic peroxides. For dialkyl peroxides R-O-O-R, a 
trace of ferrous salt is used, and for hydro-peroxides 
R-O-O-H, one drop of 20% ammemium molybdate in an 


atmosphere of CO2. In some cases ammoniacal lead 
hydroxide may be used; this gives a brown colour, and if 
followed by a little tetra base (tetramelhy 1-diamino-di- 
phenyl methane) a clear evanescent blue is observed on 
adding glacial acetic acid. A less discriminating but also 
very sensitive test is a solution containing NH4CNS -f a 
completely reduced ferrous salt (Yule and Wilson [101, 
1931]), which gives a blood-red colour with peroxides 
(cf. Egerton, Smith and Ubbelohde [28, 1935]). Titanous 
chloride or sulphate is also used in the detection of certain 
peroxides. 

Olefines. Apart from their action on bromine water, these 
may be partly discriminated by their differing absorption 
by various concentrations of SO3 in water (Manning, King, 
and Sinnatt [57a, 1928], Pease [68, 1934]). 

Ethylene Oxide is detected by the use of manganous 
chloride (Lenher [54, 1931]). 

The above reagents have also been used in a method of 
estimating the concentration of these substances in a stream 
of gas (Egerton, Llewellyn Smith, and Ubbelohde, l.c.). 

Other products of importance, such as alcohols and 
organic acids, have to be isolated in considerably greater 
quantities before they can be identified from suitable deri- 
vatives (e.g. 3.5.dinitrobcnzoic acid for alcohols, and the 
Ba salt for acids, Berl and Winnacker [5, 1928]). 

(6) Kinetics of the Reaction. 

Only the principal results of this aspect of the problem 
will be summarized here (cf. Semenotf, Chemical Kinetics 
and Chain Reactions, Oxford University Press). The rate of 
progress of a combustion reaction can usually be calculated 
from the rate of pressure change, since in most cases there 
is an increase in pressure (e.g. Hinshelwood and others [91, 



turc is heated to give a temperature rise of 0*6° per min. and when 
the mixture reacts the pressure rises abnormally. 

Mixture I. Pentane : Oxygen 1 : 1-M0% v^eraldehyde. 


»» 

11. 

,, 

„ -f- 13% hexane. 


III. 

»« 

„ alone. 

» 

IV. 


„ 4-10% amylene. 
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1929], [31, 1930]). When the temperature of the mixture 
is raised at a uniform rate, instead of being kept constant 
(Lewis [55], Pidgeon and Egcrton [69]), this increase in pres- 
sure is superposed on the steady rise. Owing to the fact that 
certain organic reactions such as RCH3-I- O2-: RCHO-f HgO 
can take place without pressure change, a more reliable 
method of following combustion is to analyse the mixture 
for the rate of oxygen consumption. This has been applied 
to the flow method in a number of cases, e.g. Edgar and 
others [72, 1929 ; 4, 1934]. From experiments on the rate of 
reaction, information is sought on the dependence of rate 
on the ratio of fuel to oxygen, on the total pressure, the 
temperature, and on wall efl'ects. 

In general it is found that 

(a) Practically all combustion reactions arc chain con- 
trolled, the chain length depending in a complicated way 
on a number of factors. 

(b) Increasing the concentration of fuel usually h.*s a 
much more marked clfect on the rate, over wide regions of 
concentration, than increasing the concentration of oxygen, 
so that the propagation of the chains seems to depend on 
the collision of a chain carrier with a fuel molecule rather 
than an oxygen molecule. 

(c) There is evidence that the chains arc initiated .il the 
walls (cf. Haber and Alyca [41, 1930], Goldman [38, 1926]), 
though this is not fully established, since the walls may pro- 
duce intermediates which sensitize the gas-phase reaction. 

(c/) Increase of surface slows down the combustion. 

(e) The temperature coefficient indicates that a very com- 
plicated sequence of events may be involved in a chain. 
This is most readily seen from results such as those of 
Dykstra and Edgar [26, 1934] or Prettre [73, 1932], where 
the higher paraffins are shown to undergo different modes 
of combustion at high or low temperatures. Owing to the 
fact that the temperature coefficient of the mode of com- 
bustion in the lower region becomes negative (Beatty and 
Edgar [4, 1934]), the separation into two regions is more 
clear-cut than in cases where there are two parallel reac- 
tions, and the relative importance of the reaction with 
higher activation energy increases at higher temperatures. 
Further reference to these two regions is made below. A 
parallel phenomenon has been described for the actual 
ignition temperatures (Townend [93, 1933, 1934]). 

(/) The combustion of hydrocarbons with the possible 
exception of the more unsaturated molecules is autocata- 
lytic. According to Semenotf [80^7, 1935], the velocity of 
reaction increases at an exponential rate with time in the 
oxidation, e.g. of the paraffins, so that the rate passes 
through a maximum. Autocatalysis points to easily oxi- 
dized intermediates which by promoting the oxidation of 
the parent hydrocarbon are themselves reformed. 

As in all chain reactions, the actual chain carriers arc pro- 
bably molecules too short-lived to be isolated (cf. Hinshel- 
wood and Williamson [46, 1934] and p. 2946, this article). 
By comparing the oxidation of a pure hydrocarbon 
with that of possible intermediates, such as alcohols and 
aldehydes, a study of the kinetics can, however, show 
which intermediates are of importance in the degrada- 
tion of a fuel to carbon dioxide and water. The importance 
of aldehydes and unimportance of alcohols for the 
higher paraffins have been shown by numerous workers, 
such as Layng and others [53, 1928], Pope, Dykstra, and 
Edgar [72, 1929], Pidgeon and Egcrton [69, 1932]. In the 
same connexion Steacie and Plewes have shown that acet- 
aldehyde has little influence on the rate of combustion of 
ethylene [87, 1934], which thus differs from ethane in its 


mechanism (Bone and Hill [13, 1930], but see Steacie and 
Plewes [88, 1934], Bone [13, 1934]). 

Studies of the slow combustion of methane and ethane 
at pressures below 1 atmosphere have shown (Kowalsky, 
Sadownikow, and Tschirkow [51, 1932]) a change from 
slow combustion to ignition within certain regions of pres- 
sure, similar to the phenomena observed for Hg (Hinshel- 
wood and others [45, 1929-33]), though owing to the 
complexity of the possible products the phenomena are 
more complicated. 

(c) Chemiluminescence. 

The two modes of combustion exhibited by paraffins may 
be conveniently illustrated from the phenomena of chemi- 
luminescence observed during slow combustion. If we 
expose a fuel mixture with excess of oxygen to a series of 
increasing temperatures, not much luminescence is ob- 
served till in the neighbourhood of the ignition point, 
which varies for different hydrocarbons and lies in the 
neighbourhood of 600 ' C. At the ignition point a faint 
luminescence is observed during the period of preflame, 
which may last several seconds. Spectroscopic studies show 
the flash is due to the production of a large number of ions 
and excited radicals such as CH, OH, &c., during the 
momentary high temperature resulting from the liberation 
of the heat of reaction (Bonhoefler and Haber [17, 1928]). 
The phenomena of chemiluminescence are quite different 
and are specially marked for mixtures where the fuel is in 
excess (Prettre [73, 1932], Beatty and Edgar [4, 1934], Gill, 
Mardles, and Tett [37, 1928]). 

As we gradually raise the temperature of a pentane 
mixture, for example, containing 6% of pentane, a definite 
luminescence is observed in the neighbourhood of 230° C., 
and becomes very intense about 240" C. Ignition does not 
set in till 260° C. If the temperature is raised above 290° C., 
however, the mixture no longer ignites, though strong 
luminescence is still visible. Ignition does not become 
possible again for this mixture till 710" C. 

The following table, due to Prettre [73, 1932], illustrates 
the results for the different paraffins. The third column 
gives the interval below the first ignition point over which 
luminescence becomes increasingly marked, the fourth 
column the interval over which an ignition is possible in 
the low-tcmpcraturc region, and the fifth the temperature 
at which ignition again becomes possible in the high- 
temperature region. In these observations the mixture 
flowed through the furnace at a uniform rate of 6 litres 
per hour. 


Gas 1 

/ 0 1 

Lumins. 1 

Lower ign. i 

Higher ign. 

CH 4 

5-3 

740" 1 


770" C. (CH 3 OH inflames 
540" C.) 


18-5 

690" 


730" C. 

C 2 H 6 

4-2 

380*410" 


660" C. 


8-9 

350-70" 


675" C. 

QH, 

3-5 

270-310" 


665" C. 


6-3 

265-305" 


672" C. 


14-5 

255-90" 

304-10" 

not possible 


21 ' 

242-60" ! 


670" C. 

405 

221*40" 

262-92" 

681" C. 


1 16 55 ! 

225-44" 

259-70" 

not possible 

C.H,4 

1 205 1 

230-55" 1 


684" C. 

' 5-20 

220-44" 

255-Vo" 

672" C. 

C,H„ 

i 1-55 

230-45" 


686 " C. 

i 5-25 

210-32" 

1 259-69" 

695" C. 

C,H„ 

1 0-95 

215-30" 


670" C. 

! 210 

200 - 20 " 

252-70" 

684" C. 


The region over which ignition was observed at low 
temperatures compares with the values given by Dykstra 
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and Edgar [26, 1934], and also by Townend [93, 1933, 1934], 
though differences are to be expected owing to the differ- 
ence between a static and a flow method. Analysis of the 
combustion products with the heptane and heptenes used 
by Beatty and Edgar [4, 1934] shows that oxidation pro- 
ducts are formed which are unexpectedly resistant to 
further oxidation below 350^" C., but which have not been 
further specified. 

There are several reasons why the phenomenon of chemi- 
luminescence is important for the theory of slow com- 
bustion. In general, chemiluminescence is due to the 
formation of activated molecules, in this case in a chain 
process, and these molecules have time to emit their energy 
as radiation before it is dissipated as translational energy in 
a collision, or is used in propagating the chain. Spectro- 
graphic studies (Emeleus [30, 1926, 1929], cf. Fowler and 
Vaidya [32, 1931] for CSg) have shown that the luminescent 
flames (called cool flames on account of the low tempera- 
ture of the gases) of CH3CHO, CaHaCHO, CaHi4, and 
(€2115)20 all give the same bands, thus suggesting a com- 
mon origin and a common mechanism of low-temperature 
combustion for these substances (cf. Ubbelohde [94, 1935, 
part 1]). 

The influence of impurities on the two zones of com- 
bustion is quite different. The high-temperature zone is 
relatively insensitive to the addition of small amounts of 
Ha, HaO, or metallic anti-knocks. Although this insensi- 
tivity to anti-knocks may be due to the fact that at these 
high temperatures the equilibrium between two stages of 
oxidation of the anti-knock (Egerton [28, 1928]) is dis- 
placed too far one way, there is no doubt about the charac- 
teristic differences of behaviour of the low-temperature 
zone. The addition of metallic anti-knocks inhibits ignition 
and lessens luminescence; as little as 7% benzene in pen- 
tane has the same effect (Prettre [73, 1932]). Amyl nitrite, 
acetaldehyde, and to a lesser extent ethyl hydroperoxide 
increase the intensity of the phenomena without changing 
the temperature at which they arc observed. 

It is a significant fact that other substances showing 
marked chemiluminescence, such as ether and acetalde- 
hyde, are strong knocking fuels, whereas the introduction 
of a double bond, of an OH or a COOH group which 
lower the knocking characteristics of a paraffin, likewise 
reduce the chemiluminescence markedly. The organic per- 
oxides whose isolation has been reported by various 
authors (e.g. Mondain-Monval and Quanquin [62, 1931], 
Callendar [21, 1927], Egerton [28, 1927], Rideal and 
Brunner [77, 1928]), Ubbelohde [94, 1935] are usually 
obtained in this region of temperature. 

{d) The Induction Period. 

The short period of preflame in the high-temperature 
ignition zone has already been mentioned. In this zone the 
reaction may become autocatalytic on account of the fact 
that the heat of reaction cannot be dissipated sufficiently 
rapidly, so that the temperature and hence the rate increase 
to a very great degree. Phenomena of autocatalysis are 
also observed in the low-temperature zone, but are more 
marked on account of the different mechanism prevailing, 
probably with much longer chains. 

When a combustible mixture is introduced into a clean 
reaction vessel at a suitable temperature, reaction does not 
always start as soon as the gas has reached the tempera- 
ture of the enclosure. If the progress of the reaction be 
measured by the change in pressure, no change may be 
observed for half an hour or more, though once the reac- 


tion starts it proceeds smoothly. Analysis of the gases 
shows that no appreciable reaction has taken place, e.g. in 
the case of ethane (Bone and Hill [13, 1930], Bone and 
Allum [13, 1932]), though in the case of hexane Rideal 
and Brunner [77, 1928] and Brunner [20, 1930] were able 
to show that the apparent constancy of pressure did not 
indicate absence of all reaction, since peroxides and acids 
were formed during a period of constant pressure, and free 
oxygen was removed almost completely before a rapid rise 
in pressure set in (Fig. 2). 



Fig. 2. Components of pressure-time curve. C*Hi 4 fO* 
at 210" C. (Rideal and Brunner). 


The existence of an induction period indicates that the 
mixture must be sensitized in some way before combustion 
can proceed smoothly with rupture of the C-C bonds and 
rapid increase of pressure. The addition of certain sensi- 
tizers (Fig. 3) (CH3CHO for ethylene, Steacie and Plewes 
[87, 1934], and H2O, C2H5OH, I2, HCHO, and NO2 for 
ethane. Bone [13, 1930, 1932], Bone and Bell [11, 1934]) 
can greatly reduce or even eliminate the induction period, 



Fig. 3. Induction period and positive catalysts. at 

316° C. (Bone and Hill). 

I. Dry mixture. III. 1 % iodine. V. 1 % NOj. 

II. 1 % water. IV. 1 % ethyl alcohol. VI. 1 % HCHO. 

whereas the addition of mild anti-knocks such as aniline 
(Brunner [77, 1928 ; 20, 1930]) can greatly prolong it, and 
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may apparently inhibit the reaction altogether (Pidgcon 
and Egerton [69, 1932], Zeikowsky, Holroyd, and Sokoloff 
[102, 1929, 1930]). It is not yet clear whether the induction 
period implies the accumulation of sufficient sensitizers in 
the gas phase for the reaction to become autocatalytic, or 
whether the walls of the vessel are brought into a suitable 
state for initiating reaction chains. The undoubted influ- 
ence of walls in initiating chain reactions in some cases 
(Haber and Alyea [41, 1930]) rather supports the second 
view, particularly in those cases where analysis of the gases 
confirms the fact that practically no reaction has taken 
place; only \ciy small amounts of certain substances might 
sensitize the walls when adsorbed. The constancy of pres- 
sure observed by Rideal and Brunner [77, 1928] is due to 
a compensation of effects, and can hardly be called a true 
induction period. 

(e) Wall Effects. 

The effect of the walls on the slow combustion of hydro- 
carbons is quite characteristic. Increasing the wall surface 
by packing reduces the rate of reaction in all known cases. 
This is one of the reasons for assuming that chain reac- 
tions are effective in combustion, though the state of the 
walls may possibly control both the initiation and hi cak- 
ing of chains. 

The state of the walls can be controlled in a number of 
ways: 

(1) Repetition of a combustion in the same apparatus 
a number of times gradually brings them to a sufficiently 
standard condition to give a reproducible induction period, 
which is very erratic in a ‘clean’ vessel. Cf. Stcacie and 
Plewes [87, 1934], Neumann and Lgorow [67, 1932]. 

(2) Washing with suitable chemicals, c.g. HF aq., acti- 
vates a quartz surface for the slow combustion of ethane 
to such a degree that reaction takes place at the same 
rate 150"" lower (Kowalsky, Sadownikow, and Tschirkow 
[51, 1932]). 

(3) Sintering or washing with alkali halides slows down 
hydrocarbon combustion in general, e.g. ethane, Kowalsky 
(I.C.); propane, butane, and Hg, Pease [68, 1929-34]. 

(/) Effect of Positive and Negative Catalysts on the 

Reactions. 

The effect of small amounts of positive and negative cata- 
lysts on slow combustion is of considerable practical as well 
as theoretical importance. The principal negative catalysts 
for the low-temperature region of combustion are the metal- 
lic anti-knocks, which act in the engine by preventing slow 
combustion prior to the arrival of the flame. A number of 
positive catalysts have also been discovered, ot which the 
most general in action is nitrogen peroxide. This catalyses 
the slow combustion and lowers the ignition temperature 
of various fuels such as hydrogen (Hinshelwood and others 
[45, 1928-9], Griffiths and Norrish [39, 1933]), methane 
(Smith and Milner [84, 1931]). ethane (Serbinov and Neu- 
man [80, 1934]), acetylene (Lenher [54, 1931]), carbon 
monoxide (Kopp, Kowalsky, Sagulin, and Semcnoff [50, 

1930], Hinshelwood and Thompson [45, 1929]), isopentane 
and hexane (Lewis [55, 1930], and unpublished observa- 
tions), alcohols (Mardlcs [58, 1928]), benzene (Bibb and 
Lucas [6, 1929]). This action of NOa is quite distinct from 
that of the pro-knock organic nitrites (Ubbelohde and 
Egerton [94, 1935], Mardles [58, 1928]), and NOg has 
under some conditions even an anti-knock effect. Its action 
in lessening the luminescence of CSg has been noted by 
Dixon [22, 1925]. These observations suggest that NOg sets 


up a different kind of chain mechanism in combustion, 
though its precise nature even in the case of hydrogen 
(Hinshelwood [45, 46]) has not been elucidated. 

Owing to the fact that the presence of NOg lowers the 
temperatures at which slow oxidation can be observed by 
1(X)° or more in some cases, its use as a catalyst in the pro- 
duction of valuable intermediates from hydrocarbons sug- 
gests itself. In order to prevent the further oxidation of 
the intermediates, excess of hydrocarbon must be used, 
but the lower temperatures prevent the pyrolysis of oxida- 
tion products once they arc formed (Smith and Milner [84, 

1931] , Bibb and Lucas [6, 1929]). There is evidence, how- 
ever, that the NOg is consumed in the course of the reaction 
(cf. Gibson and Hinshelwood [36, 1928]). 

The addition of aldehydes in many cases facilitates the 
combustion of hydrocarbons (Bone and Hill [13, 1930], 
Pidgcon and Egerton [69, 1932]) see Fig. 1, and since 
aldehydes are formed in the course of the combustion, the 
sensitization of combustible mixtures described under the 
induction period may involve merely the accumulation of 
sufficient aldehydes. The autocatalytic nature of most 
combustion reactions is likewise due in part to the accelera- 
tion of the process by the aldehydes formed (Egerton and 
Gates [28, 1927]). The induced oxidation of benzene, 
aniline, &c., at low temperatures, in the presence of oxidiz- 
ing paraffins (Mardlcs [58, 1931]) is another aspect of the 
same phenomenon. 

Theeflectofaldehydes in facilitating ignition (Egerton and 
Gates [28, 1927], Townend [93, 1934]) contrasts with their 
relatively slight pro-knock effect (Egerton, Llewellyn Smith, 
and Ubbelohde [28, 1935]); owing to the fact that acetalde- 
hyde peroxide is a powerful pro-knock, it seems likely that 
the primary product of the slow oxidation of paraffins must 
be a different pro-knock, possibly a hydroperoxide (cf. 
Ubbelohde, Drinkwater, and Egerton [94, 1935]). 

It is interesting to note that PbEti before it is oxidized 
actually accelerates combustion (Pidgcon and Egerton [69, 

1932] ). 

(g) Other Means of Studying SIov»^ Combustion. 

Any change in the physical properties of the mixture 
during combustion might in principle be used to study the 
rate at which it proceeds. One such method is based on the 
detection of intermediates with marked absorption spectra 
(Egerton and Pidgcon [28, 1933], Rassweiler and Withrow 
[75, 1932], Ubbelohde [94, 1935, part 11]). Although 
the results must be correlated with other data to avoid 
mislead! ng conclusions, the early formation of formaldehyde 
and the difference between the higher and lower paraffins in 
slow combustion at low temperatures is clearly brought out. 

III. SUMMARY OF RESULTS WITH DIFFERENT 
FUELS 

A brief summary of the results with the various fuels of 
importance for petroleum chemistry is necessary for an 
understanding of the theories of slow combustion. For this 
purpose the fuels will be divided as follows : (a) hydrogen, 
(b) carbon monoxide, (c) paraffins, (d) olefines, {e) acety- 
lenes, (/) naphthenes, {g) aromatic hydrocarbons, (//) other 
substances relevant to petroleum chemistry. [Further de- 
tails will be found in the article on Combustion of Hydro- 
carbons by D. M. Newitt and D. T. A. Townend, p. 2860.] 

{d) Hydrogen and (b) Carbon Monoxide. 

These fuels are included because they exhibit most of the 
phenomena of slow combustion, with the simplest possible 
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molecules of fuel. They also occur as intermediates in 
certain combustions. 

The data for hydrogen have been summarized by Hin- 
shelwood and Williamson [46, 1934]. The only chemical 
products sufficiently stable to be isolated are H2O and HjO^ 
(Pease [68, 1930]). The effect of washing the walls with 
dilute HNO3 is to favour the formation of HjOg, and dilute 
KCl hinders it, a result which emphasizes the effect of pre- 
treatment of the walls, observed in many slow combustions. 
The kinetics of the reaction have been repeatedly studied 
(Hinshelwood [45, 46, 1929-34]), and the effects of atomic 
hydrogen and oxygen investigated with a view to elucidat- 
ing the mechanism (Bonhoeffer and Reichardt [18, 1928], 
Harteck and Kopsch [44, 1931], Frankenburger and Klink- 
hardt [33a, 1932]). 

The reaction shows abundant evidence of a chain me- 
chanism, with a low-pressure explosion region when the 
slow combustion becomes unstable owing to chain branch- 
ing, and a high-pressure ignition when it becomes unstable 
owing to failure to dissipate the heat of reaction. No 
chemiluminescence has been recorded. Metastability phe- 
nomena analogous to an induction period have been de- 
scribed by Hadman, Thompson, and Hinshelwood [42, 
1932]. The reaction is not much affected by metallic anti- 
knocks (but see the effect of high temperatures on these, 
supra), and halogens act as negative catalysts (Garstang and 
Hinshelwood [35, 1931]). NO2 is a positive catalyst (Gibson 
and Hinshelwood [36, 1928], Hinshelwood and Thompson 
[45, 1929], Griffiths and Norrish [39, 1933]), as are NH3 
and (CN)2, or more probably some oxidation products 
(Williamson and Pickles [98, 1934]). Slow oxidation has 
been observed over an interval 450-600" in the absence of 
catalysts. 

The slow oxidation of carbon monoxide is chiefly of 
importance in petroleum chemistry in that it is a frequent 
product of combustion, e.g. according to the scheme put 
forward for the octanes by Pope, Dykstra, and Edgar [72, 
1929] 

RCH2CH3+O2 - RCH2CHO+H2O, 
RCH2CHO+O2 - RCHO+CO-i-HgO, 
and H2CO - Hj hCO. 

No slow combustion has been observed for CO much 
below 6(X)^, so that it is a stable intermediate, unless pro- 
duced in the high-temperature region of combustion, where it 
mightaffect the ignition considerably. CO2 is the only stable 
product of slow combustion. The kinetics indicate a chain 
reaction with low-pressure region of explosion (Sagulin 
[79, 1928]). The luminescence in the region of preflame 
has been noted by Prettre and Laffitte [74, 1929] and Ubbe- 
lohde [94, 1933]. Both Hj and HgO are positive catalysts, 
in the slow combustion, and NO2 is likewise active (Had- 
man, Thompson, and Hinshelwood [42, 1932], Sagulin [79, 
1928]), and alkali halides are negative catalysts (Ubbelohde 
[94, 1933], Prettre [73^, 1932]). 

(c) Parafiiiis. 

In accordance with what has been said with reference to 
the two ‘regions’ of combustion of the higher paraffins, 
these may conveniently be classed into methane, ethane, 
and propane (which occupies an intermediary position), 
and the hydrocarbons from butane upwards. 

The products which can be isolated during the slow com- 
bustion of methane and ethane are aldehydes, acids, CO, 
CO„and HjO (cf. Bone [15, 12, 13, 1902-30], Bone and 
Townend [14, 1927], Bone and Allum [13, 1932], Bone and 


Hill [13, 1930]). The formation of alcohols is particularly 
noticeable when the reaction is carried out at higher pres- 
sures (Newitt and Haffner [65, 1932]). The products can 
be predicted from the hydroxylation theory of Bone: 

CHg-CHs+iOa --> (CH3CH2OH) I JOa 
-> CH3CH(0H).2 H2O I CH3CHO 

I 

CH4 ] CO + H2O 

+ i02 

I 

CHaOHH ^Oo -> CH2(0H)2 - - H 2 O 1 HCHO+iOa 

Ho+CO 1 H 2 O HCOOH 

With propane, alcohols are obtained when the reaction is 
carried out at 136 atm. and 300-350° (Marek and Hahn 
[59, 1932]), a representative analysis of the liquid products 
being: CH 3 CHO and CH 3 COCH 3 6%; CH 3 OH 22%; 
C 2 H 5 OH 31 % ; C 3 H 7 OH 1 % ; HCOOH 1 5 % ; H 2 O 26*5%. 
A careful investigation of the products of slow combustion 
in a flow method at 1 atm. and 300-400° has also been 
made by Pease [68, 1934], who detected large amounts of 
organic peroxides under suitable conditions. Typical re- 
sults are (in c.c. gas/4(X) c.c. reaction mixture): 


c.c reacted: c.c. produced 


Temp. 

iZ-r./O,! 

Pr. 

0, 


i C.H, 

H, CO 

CO, 
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1 
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4 

i 

7 
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74 
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5 


1 1 

1 26 

(KCl) 

i 1/3 

25 

1 45 

10 

2 

7 16 

6 

1 trace 

i _ * _ 

, 15 

1 


The walls of the pyrex combustion chamber were normally 
washed with nitric acid and distilled water, but quite dif- 
ferent results with almost complete absence of peroxide 
formation were obtained if the walls were washed with 
dilute KCl (cf. Pease [68, 1930]). The formation of propene 
is significant with regard to theories of combustion. The 
last column refers to a defleit of carbon in the analysis due 
to the presence of a product presumably not allowed for. 

The kinetics of the oxidation of methane have been 
studied by Bone (l.c.), and also by Pease and Chesebro 
[68, 1928], Hinshelwood and Fort [45, 1930], Kowalsky, 
Sadownikow, and Tschirkow [51, 1932]. Fithane has also 
been studied by Hinshelwood and Thompson [45, 1928-9], 
Taylor and Ribbet [90, 1931]. Propane has also been in- 
vestigated by Pease [68, 1929], Sagulin [79, 1928], Burke, 
Fryling, and Schumann [20a, 1932]. The low-temperature 
oxidation shows the characteristic influence of excess fuel 
in catalysing the oxidation, the retarding effect due to dilu- 
tion with O2 or other gases becoming greater at higher 
temperatures (cf. Beatty and Edgar [4, 1934]). None of 
these gases show very marked chemiluminescence. An in- 
duction period can be observed under suitable conditions, 
and shows the normal effect of shortening by aldehydes, 
&c. The effect of NO2 in facilitating the combustion of 
CH4 and CgHfl has been described (Smith and Milner [84, 
1931], Serbinov and Neumann [80, 1934]). No marked 
negative catalysts have been reported. The oxidation of 
methane by ozonized oxygen has been studied (Wheeler 
and Blair [96, 1922]). 

The higher paraffins, from butane upwards, are charac- 
teristic in showing two modes of ignition. Combustion in 
the region below the lower ignition point has been investi- 
gated in a general way by Lewis [55, 1927-30], Pidgeon 
and Egerton [69, 1932], Mondain-Monval and Quanquin 
[62, 1931]. Butane has been investigated by Pease [68, 
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1929], hexane by Brunner [77, 1928; 20 , 1928, 1930], the 
isomeric heptanes by Beatty and Edgar [ 4 , 1934], and 
the isomeric octanes by Pope, Dykstra, and Edgar [72, 
1929]. Hydrocarbons with still bigger chains have been 
oxidized in the liquid phase (Francis and Wood [ 33 , 1922, 
1927], Shoruigin and Kreshkov [82, 1934], Sheeley and 
King [81, 1934]) with a view to avoid breaking up the 
oxidation products by pyrolysis. 

The experiments of Beatty and Edgar, and Pope,Dykstra, 
and Edgar are continued up to the higher region of tem- 
peratures. 

If we consider the number of possible products which 
might be formed in an oxidation such as 

C6H124-8O2 - 5CO2 1 6H2O, 

if the oxygen atoms entered each C-H bond successively, 
as the hydroxylation theory would postulate, the very com- 
plicated mixture would be difficult to investigate. Further- 
more, if a hydrocarbon has several parallel modes of 
oxidation, a deduction of the oxidation mechanism from 
inspection of the products is difficult to substantiate. A 
considerable simplification is due to the work of Edgar and 
others [27, 72, 4, 1927, 1929, 1934], who have shown that 
in a long molecule the chief point of attack is the evd 
methyl group. One mode of degradation of a hydrocarbon 
to CO 2 and water appears to follow the scheme 

RCH 3 I O 2 - (RCH 2 OOH?) - RCHO j IlaO . . . 

RCII 2 CHO + O 2 - RCHO 1 CO fH^O. 

In a branched hydrocarbon molecule the longest branch 
is attacked, and oxidation proceeds as above till the point 
of branching is reached. With straight chains the above 
degradation is said to hold down to butyraldehyde. 

This relatively simple scheme clearly offers only one 
mode of oxidation; a survey of the experimental evidence 
does not make it clear whether other primary steps occur, 
or whether the very complicated mixture of products is due 
to the different modes of reaction of the aldehyde or per- 
oxide. The complete inhibition of all oxidation by the 
addition of anti-knocks suggests that only one primary step 
occurs at low temperatures (Egerton, Llewellyn Smith, and 
Ubbelohde [28, 1935]). 

The following products have been isolated from the slow 
oxidation of hexane circa 30ff' (Mondain-Monval and 
Quanquin [62, 1931]) (cf. Landa [52, 1928], Brunner and 
Rideal [77, 20, 1928, 1930], Wheeler and Blair [96, 1923], 
Mardles [58, 1928], Callendar [21, 1927]): aldehydes, chiefly 
formaldehyde, peroxides with the reactions of alcoxyper- 
oxides R~ 0 - 0 -CH 2 ( 0 H), giving hydrogen with strong 
alkali, acetals, and acids. The allyl compounds noted by 
Berl and Winnacker [5, 1928] were obtained in the slow 
oxidation of hexane over a contact mass of ferric oxide, so 
that the conditions are hardly comparable. 

The kinetics of the oxidation of pentane and hexane have 
been studied by Pidgeon and Egerton [69, 1932], Mondain- 
Monval and Quanquin [62, 1931], and by Brunner and 
Rideal (l.c.). Owing to the complicated molecules involved, 
interpretation of rate of pressure rise, &c., in terms of a 
specific mechanism is difficult. As the results are very 
similar for these hydrocarbons, only those for pentane will 
be summarized here. 

If the mixture is heated at a steady rate of 0 - 6 ° per 
minute from 210° (where there is no reaction over 90 
minutes), the onset of rapid reaction is marked by a steep 
rise of the pressure/time curve, and the effect of fuel con- 
centration, total pressure, and surface on the reaction 


temperature gives a measure of the importance of these 
factors in the kinetics. 

The following are typical results: 

Effect of total pressure on a 1:1 mixture of pentane j oxygen 
Pmm. 1,040 760 555 400 340 

T 240 245 247 248 257" 

Effect of concentration on reacting temperature 
(pressure 540-90 mm.) 

Cone. (pen./Oa) 1:6 1:3 1:1 2:1 

T 260 251 247 250" 

Effect of surface (1:1 mixture 800 mm.) 

Surface Class Pyrex Silica 

131 sq. cm. 462 .sq. cm. 131 sq. cm. 

T 245 255 242 237" 

These figures show that pressure increases the velocity, and 
that the optimum velocity is at a pentane/oxygen ratio 1 : 1 
far above the theoretical 1:8. As may be expected from 
these results, which indicate chain breaking at the surface 
of the vessel, the addition of an inert gas (Ng) raises the 
velocity and lowers T. Very rapid heating prevents the 
formation of sensitizing intermediates, and raises T from 
243° to 250° for a 1:1 mixture (slowest and fastest rates 
tried). 

Experiments are also described (Pidgeon and Egerton, 
l.c.) on the effect of hydrocarbon and oxygen concentra- 
tions on the reaction velocity. As with most hydrocarbon 
combustions, increasing the concentration of fuel has a 
much larger effect than increasing the concentration of 
oxygen, suggesting the formation of a fuel/oxygen complex 
(moloxide) which must collide with another fuel molecule 
within a finite time for the chain to proceed. The tempera- 
ture coefficient over the range 260-80° corresponds with an 
activation of 50,000 cal., but at lower temperatures lower 
values and erratic results suggest that this activation energy 
does not refer to a single process only (cf. Hinshelwood 
and Williamson on H 2 +O 2 [46, 1934]). 

Analysis shows that considerable amounts of CO and 
COo arc produced, as well as more complex products. With 
hexane, the pressure/time curve has been decomposed into 
the components: rate of removal of oxygen, rate of forma- 
tion of acids, rate of formation of peroxides, and has shown 
the composite nature of pressure/time curves (Brunner, l.c.). 

The kinetics of the oxidation of heptane, 2.2.4 trimethyl 
pentane, and /i-octane have been studied by a flow method 
by Edgar and others [4, 72, 1929, 1934]. Typical results may 
be quoted for heptane. Using a 2% mixture (the theo- 
retical mixture), at atmospheric pressure flowing through 
a clean pyrex tube, the following stages in the oxidation 
can be distinguished from a gas analysis of the products: 

(1) 150-200°. Small possibly heterogeneous reaction. 

(2) 250-350°. Primary reaction with rapidly increasing 
velocity, using 3 mols. Oa/mol. of fuel (lower ignition 
point with cold flames 270-300°). 

(3) 350-470°. Subsequent reaction raises the O 2 con- 
sumption to 4*70 mols. per mol. fuel, which remains at 
this value over this temperature region. The velocity of 
both primary and subsequent reactions decreases rapidly 
with rise in temperature (temp, coeff. 0*85/10° rise from 
380 to 470°). 

(4) 470-510°. Velocity of primary reaction continues to 
decrease, but the subsequent reaction becomes faster, and 
above 490° the final amount of O 2 used is greater. Inflam- 
mation occurs about 490°. 
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The products are very complex, although the flow 
method has the advantage over static methods that pro- 
ducts are exposed to high temperatures for a much shorter 
interval. It is almost impossible to experiment on heptane 
statically, owing to the resins produced. 

The same paper also describes the much greater stability 
of 2.2.4 trimethyl pentane to oxidation, no combustion 
being detected below 490"" when this fuel was used pure, 
though in the presence of heptane very considerable oxida- 
tion resulted, suggesting that the difficulty of oxidation lies 
rather in the initiation of chains (see below). 

All these fuels show the phenomenon of chemilumi- 
nescence and the induction period to a marked degree. 
Metallic anti-knocks inhibit oxidation at low temperatures 
(Pope, Dykstra, and Edgar [72, 1929], Lewis [55, 1927], 
Garner and Saunders [34, 1926]). The effect of NO* 
is probably similar to that on lower hydrocarbons (un- 
published observations). All these hydrocarbons show a 
characteristic absorption spectrum at the end of the induc- 
tion period, with a band at about 2,600 A. (Egerton and 
Pidgeon [28, 1933]). 

The mixture of products obtained from the slow oxida- 
tion of paraffins with a still greater number of carbon 
atoms has only been partly investigated (Francis [33, 1927], 
Shoruigin [82, 1934], Sheeley and King [81, 1934]), and 
consists of a complex mixture of hydroxy-acids and other 
compounds. The oxidation shows an induction period 
which is shortened by the addition of an easily oxidized 
substance such as turpentine (Francis). 

{d) Olefines. 

The mechanism of oxidation of the olefines is probably 
better understood than that of the paraffins, owing to the 
greater certainty about the primary step in their oxidation. 
Using the reagents described in a previous section, there is 
no difficulty in proving the ready autoxidation of the higher 
olefines such as amylene C5H10, by merely bubbling oxygen 
through the liquids at room temperatures, the reaction 
probably being 

CH3(CHa)2CH=CH24-02 -> 

I ! 

0-0 

In many cases the peroxide is sufficiently stable for the 
reaction to stop at this stage (e.g. cyclohexenc, Zelinsky 
and Borissov [103, 1930]), but on warming further decom- 
position and polymerization may take place (cf. Staudinger 
and Lautenschlager [86, 1931]). 

At high temperatures, particularly when excess fuel is 
used, the formation of a similar peroxide as a first step is 
rendered very probable by the marked pressure drop ob- 
served (e.g. for amylene, Pidgeon and Egerton [69, 1932], 
Lewis [55, 1929]). With the simpler olefines, e.g. ethylene, 
a study of the Idnetics suggests the formation of a similar 
peroxide as a first step, though the peroxides are in this 
case less easily isolated (Thompson and Hinshelwood [91, 
1929], Spence and Taylor [85, 1930], Bone [16, 1934]). The 
subsequent oxidation follows on a collision with a second 
fuel molecule, after which the products probably follow 
the hydroxylation scheme 

CH,=CHa+(CH,~CH2.0a) -> 

2CHa=CHOH iOa CHOH=CHOH 

CH*\ CH,CHO 2HCHO-> 

I >0 ->2CO+2H„&c. 

CH/ 


Lenher [54, 1931] obtained ethylene oxide, HCHO, and 
some HaOa amongst the products of slow oxidation. 

Although the olefines show an induction period, the 
absence of strong chemiluminescence (Prettre [73, 1932]) 
and the small influence of acetaldehyde on the combustion 
of ethylene (Stcacie and Plewes [87, 1934]) suggest a dif- 
ferent oxidation mechanism compared with the normal 
paraffins. This is borne out by the non-knocking charac- 
teristics of olefine peroxides (Ubbelohde and Egerton [94, 
1935]). This difference is important, for it renders im- 
probable one theory of hydrocarbon combustion (Lewis 
[55, 1927, 1929, 1930]) which postulates that the first 
stage for all hydrocarbons is some such process as 
RCHaCHa RCH^ CHa+Ha, possibly catalysed by oxy- 
gen. 

(e) Acetylenes. 

The slow oxidation of acetylene has also been studied 
(Kistiakowsky and Lenher [49, 1930], Lenher [54, 1931]). 
Amongst the products which have been isolated is glyoxal; 
the rate is proportional to the square of the acetylene con- 
centration and independent of the oxygen concentration 
over a region of pressures, which supports the reaction 
scheme 

(CH™CH.02)+CHeeCH. 

---CHO+CaHa 

CHO 

I 

CO + HaCO f iOa -> HCOOH 

I 

HoO 4 CO; 

cf. Bodenstein [9, 1931]. The formation of peroxides from 
acetylene has been reported (Young [100, 1934]). 

(/) Naphthenes. 

Although not many studies have been carried out on the 
oxidation of naphthenes, the process is probably very 
similar to that of the primary hydrocarbons, the only addi- 
tional complication being the rupture of a C-C link at 
some stage of the oxidation, giving the product a fully 
aliphatic character. The slow oxidation of cyclopcntane 
has been reported by Dupont [25, 1934], and of cyclo- 
hexane by Mardles [58, 1931], Berl and Winnacker [5, 
J928]. 

(g) Aromatic Hydrocarbons, 

The slow oxidation of aromatic hydrocarbons has the 
peculiarity that, once the benzene nucleus disrupts, very 
reactive and easily oxidized products are formed. The pro- 
ducts of the slow oxidation may therefore be classified as 
follows: 

{a) When side chains are present, attack begins on the 
a-carbon atom of the side chain (Stephens [89, 1926, 1928]), 
the first product with toluene being benzaldehyde. At hi^ 
pressures benzyl alcohol is formed (Newitt and Szego [66, 
1933] and Newitt and Burgoyne [66, 1936]). 

(b) At high temperatures the formation of phenol and 
diphenyl has been reported (Weiss and Downs [95, 1920], 
Mardles [58, 1931]). Furthcroxidation leads tobreak-down 
products, of which maleic acid is an important component 
(Weiss and Downs [95, 1920]). 

The kinetics have been studied by Fort and Hinshelwood 
[31, 1930] and Amiel [In, 1933], and show the charac- 
teristic feature of hydrocarbon combustion in that a high 
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power of the benrene concentration is involved in the equa- 
tion for the reaction velocity, suggesting some intermediary 
moloxide even in this case. An apparent induction period 
may be due in part to the formation of first products with- 
out pressure increase. Chemiluminescence is not marked. 
The usual influence of NOj is observed (Bibb and Lucas [ 6 , 
1929]). Metallic anti-knocks have little effect (Garner and 
Saunders [34, 1926]). Although benzene when pure does 
not oxidize till a fairly high temperature (500^ C.), in the 
presence of burning paraffins its oxidation proceeds at a 
much lower temperature (Mardles [58, 1928]), and a reduc- 
tion of the chemiluminescence is observed (Prettre [73 

1932]). 

(h) Alcohols, Aldehydes, &c. 

The oxidation of these early intermediates in the degrada- 
tion of a hydrocarbon is of considerable importance for 
the theory of combustion. 

With regard to the alcohols, the general evidence is 
that they do not accelerate the combustion of hydrocar- 
bons at low temperatures when mixtures are used in 
combustion (Pidgeon and Egerton [69, 1932], Mardles 
[58, 1931], Garner and Saunders [34, 1926]). The prin- 
cipal products of oxidation are probably the same as 
for the paraffins at higher temperatures, except that no 
peroxides have been isolated even with the higher alcohols 
(Ross and Ormandy [78, 1926]), nor are pro-knocks formed 
from them in the engine. Alcohols show the usual influence 
of NOj on combustion (Mardles [58, 1928]). Metallic anti- 
knocks have not much effect. 

The oxidation of aldehydes is, on the other hand, of the 
greatest importance for the combustion of hydrocarbons. 
Numerous cases are known of aldehydes shortening the 
induction period (Bone [13, 1930, 1932], Steacie and Plewes 
[87, 1934]) and accelerating the combustion itself. The 
effect of metallic anti-knocks on the ignition of aldehydes 
is precisely parallel to that on paraffins (Egerton and Gates 
[28, 1927]), and aldehydes show a spectroscopically identi- 
cal chemiluminescence (Emelcus [30, 1926, 1929]) at low 
temperatures. Furthermore, the mechanism of oxidation 
of aldehydes can be studied at a much lower temperature, 
so that complications due to pyrolysis are lessened. The 
kinetics of oxidation of aldehydes show very definitely a 
chain mechanism (Bodenstein [9, 1931], Backstrom [3, 
1934], Hinshelwood and Fort [45, 1930], Askey [\b, 1930]) 
and throw a certain light on the nature of the chain carrier. 
Acids and peracids are the chief oxidation products. The 
oxidation of CHaCHO can conveniently be demonstrated 
from the absorption spectrum (Egerton and Pidgeon [28, 

1933]). The inhibitory effects of octenes on the oxidation 
of CH3CHO have been reported (Pigulcvsky [71, 1935]), 
also of alcohols and diphenylamine (Askey [I by 1930], 
Pease [ 68 , 1930]). 

The oxidation of the possible intermediates from hep- 
tane, heptyl alcohol, heptaldehyde, and heptoic acid have 
been studied by Layng and Youker [53, 1928], and of 
heptaldehyde by Pope, Dykstra, and Edgar [72, 1929]. 

rV. THEORIES OF HYDROCARBON 
COMBUSTION 

The object of this section must necessarily be to advance 
the principal facts and theories, since no entirely satis- 
factory theory of hydrocarbon combustion has yet been 
put forward. Summaries of the subject have been published 
at intervals: Bone and Townend [14, 1927], Egerton [28, 


1928], Bodenstein [ 8 , 1930], Bone [10, 1933], Egloff and 
Schaad [29, 1929], Milas [61, 1932], Marek and Hahn [59, 
1932], Semenoff [80n, 1935], Norrish [64u, 1935], Ubbelohde 
[94, 1935]. The principal facts which need explanation 
may be listed as follows: (a) initiation of combustion, (b) 
nature of chain carriers, (c) stabilization of intermediates. 

(a) Initiation of Combustion. 

Evidence has been repeatedly quoted to show that, parti- 
cularly at low temperatures, combustion is markedly auto- 
catalytic, and may be preceded by a long induction period. 
Any theory of combustion must thus give some account of 
what is the primary act initiating combustion. With a 
saturated paraffin there arc difficulties in proposing a solu- 
tion of tl'iC problem which is satisfactory from energy con- 
siderations; with the olefines the situation is much clearer 
(vide supra), since there is very definite evidence for the 
formation of a peroxide by simple addition 

Rai^CHaTOa -> RCH-CHa 
0-0 

This fact led to the hypothesis that the first step in the 
oxidation of a saturated hydrocarbon was the elimination 
of Hg, since the resulting molecule could add on hydrogen 
without difficulty. Berl and Winnacker [5, 1928] put for- 
ward a modification of this idea, in that both hydrogen 
atoms are assumed to come otf the same atom. 

Lewis : 

RCH2CH3 RCH-r-UHa+Ha. 

Berl and Winnacker: 

RCHaR-yRCR+H.. 

From the velocity at which hydrocarbon pyrolysis takes 
place (Paul and Marek [bib, 1934]) and the energy re- 
quired for the process of Berl and Winnacker (Discussion 
on Free Radicals [IXa, 1934]), both these mechanisms seem 
very unlikely in the low-temperature region, unless they 
take place under the catalytic action of oxygen. Further- 
more, the oxidation of an olefine does not follow the same 
course as that of a paraffin (Steacie and Plewes [ 88 , 1934], 
Egerton and Pidgeon [28, 1932], Prettre [73, 1932]) and no 
pro-knocks are formed, so that the hypothesis does not 
seem to meet all the facts. At the same time, the isolation 
of propene in the slow combustion of propane (Pease [ 68 , 

1934]) shows that a process similar to that proposed by 
Lewis may occur in some cases. It should be noted, how- 
ever, that the propene may be formed as the result of ending 
reaction chains, and the initiation of saturated paraffin 
combustion by olefines is certainly not proven. 

A number of alternative views as to the nature of the 
primary step in oxidation have been proposed: ( 1 ) Accord- 
ing to the hydroxylation theory, the primary step would 
involve a ternary collision 2 RCH 3 -I O 2 - 2 RCH 2 (OH). 
On account of the large temperature coefficient of the reac- 
tion, such a process is, however, very unlikely. The pro- 
duction of alcohols at high pressures is probably the result 
of some stabilizing process at the end of a combustion 
chain, rather than the initiation of a chain, since the addi- 
tion of alcohols has very little eficct in stimulating com- 
bustion, and the higher alcohols seem to oxidize less easily 
than the corresponding hydrocarbons at low temperatures. 

( 2 ) Chains might be initiated from a collision with oxygen 
atoms, though at low temperatures the concentration of 
oxygen atoms would appear to be far too small for such a 
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process to occur at all frequently in the gas phase (Johnston 
and Walker [47, 1933]). Furthermore, Harteck and Kopsch 
[44, 1931] have shown that at ordinary temperatures not 
every collision of, e.g., CH 4 with O is efficient, so that a 
further activation is required. The high-temperature oxida- 
tion may possibly involve oxygen atoms in the chain. One 
test is to use ozone or ozonized oxygen for combustion, since 
in this case a reaction such as RCH3 f O3 RCHalOH) hOg 
does not involve a rupture of the O 2 molecule, and conse- 
quently requires far less activation. Experiments on the 
reaction between CH 4 and O 3 are indecisive, since CH 3 (OH) 
is much more easily oxidized than CH4. With CaHa ethyl 
alcohol has, however, been isolated (Drugman [23, 1906]), 
which supports the view that the failure of the hydroxylation 
theory with respect to initiation of combustion is due to 
the difficulty of rupturing Oj. For the action of ozone, 
cf. also Harries [43, 1905, 1910], GrQn, Ulbrich, and Wirth 
[40, 1920], Taylor and Spence [W, 1930], Taylor and Ribbet 
[90, 1931]. 

A third way of avoiding the hypothesis that the initiation 
of combustion involves a rupture of the oxygen molecule, 
at any rate at low temperatures, is to assume the first step 
in oxidation is the process 

RCH 3 +O 2 -> RCH 2 OOH -> RCHO f-HaO. 

This assumption is the basis of a number of peroxide 
theories of combustion (Callendar [21, 1927], Egerton [28, 
1927 and 1928], Moureu and Dufraisse [64, 1927], Stephens 
[89, 1933]), and has the following advantages: 

(1) It explains the formation of aldehydes at a very early 
stage in combustion (Wheeler and Blair [96, 1923], Layng 
and Soukup [53, 1928], Callendar [21, 1927]). 

(2) It explains the formation of an active pro-knock, 
which is not an aldehyde peroxide, as a very early stage in 
combustion (Egerton, Llewellyn Smith, and Ubbelohde [28, 
1935], Ubbelohde, Drinkwater, and Egerton [94, 1935]). 

(3) If the intermediate moloxide is unstable, it explains 
why practically all hydrocarbons require a collision with 
a second fuel molecule for the reaction to proceed. 

(4) It explains why combustion is totally inhibited by 
anti-knocks, and does not even proceed to the aldehyde 
stage (Brunner [20, 1928, 1930], Egerton [28, 1928]), since 
besides acting on aldehyde peroxides anti-knocks act on 
alkyl peroxides. It must be remembered, on the other 
hand, that the isolation of peroxides during slow combus- 
tion (Brunner and Rideal [77, 20, 1928, 1930], Mondain- 
Monval and Quanquin [62, 1931]), and from a knocking 
explosion in an internal-combustion engine (Egerton and 
Ubbelohde [28, 1934]), does not prove that these stabilized 
products are chemically identical with the simple alkyl per- 
oxides. These have been proved potent pro-knocks, whereas 
the peroxide isolated according to the technique of Mon- 
dain-Monval and Quanquin has only a mild pro-knock 
aaivity, which strongly suggests that it has a different 
structure (cf. Ubbelohde and Egerton [94, 1935]). Since 
added hydroperoxides have little effect on ignition and a 
great effect on knock, the rupture into radicals RO-i-OH 
must involve activation of some kind. 

Finally, the very marked influence of surface on the in- 
duction period suggests that reaction chains may possibly 
be initiated on the surface, at any rate at low temperatures 
(cf. Goldman [38, 1926]). In this case the anti-knock might 
prevent the initiation of chains, or might act on the further 
oxidation of the aldehyde as well. 

For the oxidation of solid carbon via peroxides see King 
[48, 1933]. 


(b) Chain Mechanism. 

The nature of the chain mechanism is likewise not fully 
elucidated for hydrocarbons, particularly for the low- 
temperature reaction. A number of points of attack are 
available : 

The chain mechanism for paraffins is probably closely 
bound up with that for aldehydes, where autoxidation 
is easier to study both thermally and photochemically. 
According to Backstrom [3, 1934], the chain mechanism 
in aldehyde oxidation is of the type 
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The carrier is thus essentially the RC radical in this 


O 


case. If the same radical is active in hydrocarbon com- 
bustion, the scheme might be extended as follows: (cf. 
Ubbelohde [94, 1935]) 


H 


H 


I. RC-O- +RCH3 


► RC-OH+ RCH 2 -> CH 3 + 

\ +R'CH=-CH2 


(Cf. Rice [76, 1933].) 


II. 


fRCH2+02->RCH2.02 


iRCH^Oj-fRCHa 


III. 


OH+RH-> RCH 2 +H 2 O 
RCH20+02~> RO 2 +CH 2 O 


RCH 2 OOH+RCH 2 

RCHO+H 2 O (aldehyde cata- 
lyses the stage again) 

-> RCHaO+OH+RCHa 

(chain branching) 


This scheme has the advantage of explaining the following: 

(1) The early appearance of formaldehyde and other 
aldehydes, which act autocatalytically. 

(2) The appearance of a small amount of active pro- 
knock. 

(3) A mechanism III of chain branching leading to igni- 
tion, when the conditions are suitable. 

(4) The favourable effect of free alkyl radicals on com- 
bustion. Inhibitors probably stop the chain by combining 
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with RCHa-O-O-, the product not being released again 
till it is oxidized. 

A chain mechanism put forward by Semenoff in two 
alternative forms (see below) is adequate for explaining the 
kinetics at high temperatures, and illustrates the fact that 
the kinetics alone do not uniquely determine a mechanism 
of reaction (cf. Hinshelwood [46, 1934], Norrish [64a, 
1935]). 

I 

HCHO+H 2 O ^ 

04CH,->CH40 

or CH 40 -h 02 - > CH4O3 (unknown peroxide) 

CH4O3+CH4 -> CH4O FCH402 

HCHO i H 2 O 

Alternatively, 

CH40->CH2+H20 

CH2+02->HCH0+0 

O 1 CH 4 ->H 20 fCH 2 I 


or CH 2 + 02 ~>CH 202 

CH2O2+CH4 vHCHO l HaO + CHa 

(c) Stabilized Products. 

It follows from the above mechanism, or indeed from 
any chain mechanism, that the stable intermediates of com- 
bustion only bear an indirect relation to the actual reaction. 
It is for this reason that a theory such as the hydroxylation 
or even the peroxidation theory of hydrocarbon combus- 
tion is misleading if it claims to express the chain reaction 
solely in terms of products which are sufficiently stable to 
be isolated. 

V. TRANSITION FROM SLOW COMBUSTION 
TO IGNITION 

It has already been stated that the transition from slow 
combustion to ignition is of two kinds. At higher pressures 
the rate of reaction increases so rapidly that at a suitable 
temperature the heat of reaction can no longer be dissipated 
unless special vessels are used with large ratio of surface to 
volume. In consequence, the conditions no longer remain 
isothermal, and the reaction auto-accelerates, producing a 
very high temperature, and the characteristic emission of 
light from fragments of molecules such as are present in 
flames (Bonhoetfer and Haber [17, 1928]), CH, C-C, &c. 

In the low-pressure region, which has only been studied 
carefully for H 2 (Hinshelwood and Williamson [46, 1934]), 
CO (Hinshelwood and others [45]), and CH, (Kowalsky, 
Sadownikow, and Tschirkow [51, 1932]), the transition 
from slow combustion to ignition is much sharper, owing 
to the fact that more chain carriers are produced than 
removed in unit time, by chain branching rather than by 
a gradual rise of temperature. Once the explosion sets in 
the rise in temperature due to the liberation of heat of 
reaction is very marked, however, and the characteristic 
luminosity observed in low-pressure explosions is probably 


spectroscopically similar to that of flames, though this has 
not been tested. 

The bearing of these views on the ignition mechanisms 
in the internal combustion engine may be summarized as 
follows: In the spark-ignition engine, active centres are 
produced by the energy of the spark and, if the mixture is 
suitable, the thermal conditions in the resulting flame front 
are such that a region of ignition can proceed through the 
mixture. Owing to the fact that active centres are shot out 
from the flame front into the unburnt mixture, the ignition 
of successive layers does not necessarily involve their being 
raised to the static ignition temperature by conduction 
from the flame front (cf. Garner and Saunders [34, 1925], 
Lewis and von Elbe [56, 1934]). This explains why the 
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Fig. 4. Transition from slow combustion to ignition at low 
and high pressures. 

addition of small amounts of pro-knocks (e.g. 10"^ mol 
fraction) has a relatively small effect on static ignition 
temperatures, but leads to a strong knock in the engine 
cylinder. In the same way, in the absence of added pro- 
knocks, slow oxidation of the last portion of the charge to 
burn sensitizes the mixture, so that on approach of the 
flame front the mixture is suddenly ignited as a whole, 
chain branching setting out from all the active centres 
present. The olefines do not lend themselves to this type of 
branching, and so arc not pro-knocks, in spite of their very 
easy peroxidation (Ubbelohde and Egerton [94, 1935]). 

In the compression ignition engine, on the other hand, 
ignition begins when the reaction velocity is sufficiently 
large. This is conditioned partly by the heat of adiabatic 
compression, but also by the ease with which various fuels 
are oxidized, even at low temperatures, thus liberating the 
heat of reaction and upsetting the temperature balance still 
more. With fuels whose velocity of combustion is small at 
low temperatures and which show marked induction 
periods, ignition is very sudden and rough, but the addition 
of small amounts of chain initiators such as amyl nitrite 
gives a much smoother and more gradual transition from 
slow combustion to ignition (cf. Lewis [55, 1930]). 
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4. THE SUSCEPTIBILITY TO OXIDATION OF INTERNAL- 
COMBUSTION ENGINE FUELS AND THEIR TENDENCY 
TO PRODUCE KNOCKING IN ENGINES 

By M. PRETTRE 


The improvements that have taken place in the design of 
I.C. engines have made the choice of fuel of the utmost 
importance. In all engines better mechanical efficiency has 
been obtained by the use of high-compression ratios, but 
these ratios are limited by the extent of the knocking pro- 
duced. Each particular fuel has its own characteristic 
tendency to cause knocking; fuels are classified by their 
knock-producing tendencies, as measured by the various 
methods in use: e.g. H.U.C.R. of Ricardo [39, 1923], the 
octane number of Edgar [14, 1927], or the aniline equivalent 
of Lovell, Campbell, and Boyd [24, 1931, 1933-4]. 

In a similar manner compression-ignition or injection 
engines are sensitive to the fuel used, such that it is neces- 
sary to classify them, and in this case the cetene number is 
determined (Boerlage and Broeze) [3, 1931]. 

All these classifications show the influence of the chemical 
nature of the fuel on the functioning of engines. Two 
hypotheses have been put forward in order to explain this 
influence: either the flame region varies greatly with the 
nature of the explosion mixture under the conditions in the 
engine (a high pressure and a temperature well above 
100'' C., such variations being provoked by the electric spark 
in the case of I.C. engines) or, in spite of the very short 
time that the mixture is in the cylinder, it undergoes a 
change of chemical constitution under the conditions of 
temperature and pressure obtained. There results from this 
important change an explosion phenomenon different 
from that caused by ignition of the initial mixture. 

A study of the propagation of explosion in the detona- ^ 
tion and deflagration region with different mixtures has 
shown that under the conditions employed variations in 
the chemical constitution of the mixture in the explosion 
region due to the effect of the spark do not appear to be 
enough to account for the variations in the knocking 
tendencies (see Article 9). 

On the other hand, recent work on oxidation and spon- 
taneous ignition of air and hydrocarbon vapour mixtures 
at ordinary temperatures have shown that the extent of 
oxidation of the hydrocarbons varies in a similar manner 
to their knock-producing properties. 

Early systematic studies on oxidation of the paraffinic 
hydrocarbons indicate that these reactions reach an 
appreciable velocity at about 400 to 500° C. (Bone [4, 1927, 
1929], and Wheeler [49, 1918, 1922]), and that ignition 
took place at atmospheric pressure (Mason and Wheeler 
[26, 1922, 1924]), as well as at increased pressures and 
at 500° C. (Dixon [9, 1920]). The only substances used for 
these experiments were gaseous or very volatile at ordinary 
temperatures; the higher homologues were never examined. 
In 1922 Tizard and Pye [46, 1922, 1926] stated that higher 
homologues were more readily oxidized; they obtained 
spontaneous ignition of hexane, heptane, and octane mix- 
tures with air under adiabatic compression at temperatures 
in the neighbourhood of 300° C. under a pressure of 5 atm., 
with a delay period of less than 1 sec. Some years later 
numerous investigations showed that the paraffinic hydro- 
carbons could be readily oxidized at 200° C. under 


atmospheric pressure, and that spontaneous ignition 
temperatures of such mixtures were less than 300° C. 

Oxidation of Hydrocarbons at 200° C. 

Early investigations on this subject were carried out by 
Callendar [6, 1927], and by Moureu [30, 1927]; the first 
named found that for each mixture there was an initial 
combustion temperature, characterized by the formation 
of water vapour, carbon dioxide, and substances of a 
peroxide type. These temperatures increased regularly on 
passing from the lower homologues to those higher in the 
series, e.g. pentane 295° C., hexane 265° C., undecane 
200° C. The benzene type of hydrocarbons were only 
oxidized in a comparable manner at a temperature of 
about 500° C. Moureu showed that the oxygen absorption 
velocities of paraffins, petrols, hydronapthalenes, and 
numerous oils were very appreciable at 160° C. The reaction 
implied the formation of peroxides, and was sensitive to 
the action of numerous inhibitors, termed by Moureu 
‘Antioxydants’. At higher pressures the oxidation was 
again more pronounced. Lewis [23, 1927, 1929-30] burned 
various mixtures of hydrocarbons and oxygen in a closed 
vessel commencing at ordinary temperatures and pressures, 
and heating up to about 300° C. A curve of the pressure 
as a function of the normal temperature showed a sudden 
increase at a definite temperature (the Critical Inflexion 
Temperature or C.I.T.). The position and importance of 
this inflexion was found to depend on the nature of the 
mixture, on its concentration and velocity of burning. The 
C.I.T. was lowered for each mixture with an increase in 
the initial concentration of the combustible portion ; it was 
also lowered as the homologous series was ascended (cf. 
theT.I.C. of Callendar), e.g. pentane 255° C., 135 cm. pres- 
sure, octane 200° C., 130 cm. pressure. 

Dumanois and Mondain-Monval [12, 1928] have carried 
out similar experiments but commencing at pressures of 
about 6 kg. at ordinary temperatures. The temperatures for 
which the oxidation velocity becomes important are a little 
lower than those obtained by Lewis, the pressures being 
higher. Further, these authors have differentiated between 
results with weak and rich mixtures. In the case of pentane 
there was a rapid increase of pressure at 250° C. ; richer 
mixtures reacted slowly at first with a contraction in 
volume from 120 to 130° C., and then more rapidly and 
completely at 230-40° C. ; this latter reaction led to explo- 
sion within certain concentration limits. Mondain-Monval 
[28, 1929-30] and Qiianquin [38, 1931] obtained com- 
parable results with other paraffinic hydrocarbons. Here 
again, the temperature at which there was rapid oxidation 
accompanied by burning decreased from pentane 235 to 
229° C., according to the quantity of air present, to octane 
226-215° C. Mondain-Monval [29, 1933, 1935] and 
Wellard [48, 1935] have stated the influence of the velocity 
of heating on the phenomenon of slow, or explosive, com- 
bustion observed under these conditions. 

These foregoing investigations are sufficient to show the 
great oxidizability above 200° C. of paraffin hydrocarbon 
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vapours which constitute the major part of the usual fuels. 
They also show the accelerating effect of pressure. 

Researches by various authors have shown that most 
organic vapours are easily oxidized from 200 to 300° C. 
Reference should be made to the work of the following 
authors: Berl [1], Pope, Dykstra, and Edgar [34, 1929], 
Mardles [25, 1928, 1931-2], Egerton [15, 1927-8], Boden- 
stein [2, 1931-2], Spence [43, 1928], Brunner and Rideal 
[5, 1928], and Mile Estradere [18]. 

Spontaneous Ignition of Hydrocarbons between 250 and 
300" C. 

(a) Ignition at Atmospheric Pressure. It is possible to 
obtain spontaneous ignition, at about 250^ C. under 
ordinary pressures, of all paraffinic hydrocarbons contain- 
ing at least three carbon atoms in the molecule, e.g. propane 
and homologues, under the following conditions (Prettre, 
Dumanois, and Laffitte [37, 1930], Prcttre [35, 1931]). The 
hydrocarbon mixtures containing an excess of the hydro- 
carbon were caused to flow at 4-12 litres per hr. (at N.T.P.) 
at constant temperature through a vessel of 200° c.c. 
capacity; the temperature of the latter could be increased 
from 20 to 700° C. In the case of hexane the following 
phenomena as a function of the temperature were observed. 
There was no measurable oxidation at 200° C., but at 245" C. 
reaction began ; there appeared simultaneously in the com- 
bustion vessel a luminescence, or cold flame. This latter 
increased in intensity with the temperature, as did the oxida- 
tion velocity. At 245° C. the cold flame was accompanied 
by exothermic phenomena, detectable by the thermometer, 
and the gas escaping from the area of combustion no longer 
contained molecules of the hydrocarbon intact. At 255° C. 
an explosion set in, but not of a violent type, because the 
flow of gas employed was small and the fresh mixture 
became diluted by the already oxidized gas. At this 
temperature a true flame was obtained and no longer a 
cold flame, as at the lower temperatures. 

As the temperature continued to increase above 255° C., 
a succession of explosions was obtained at definite time- 
intervals, which gradually diminished as did the violence 
of the explosions. At 275° C. a true flame was no longer 
produced, but a new cold flame, less intense than that pro- 
duced before spontaneous ignition of the mixture, took 
place. Finally, at a temperature generally above 650° C. 
spontaneous ignition again occurred. 

These results establish that at ordinary pressures certain 
fuel mixtures, i.e. those which easily produce knocking in 
engines, ignite not only at temperatures greater than a certain 
value, e.g. 500°, 600°, or 650° C., depending on the condi- 
tions of experiment, but also at a much lower temperature 
in the neighbourhood of 250°. 

A study of the characteristics of this first stage of 
inflammation has shown that the minimum temperature 
necessary to cause the appearance of the cold flame, like 
that of the true flame, diminishes slowly on ascending the 
homologous series. The violence of the explosion and the 
size of the flame also increase with the length of the carbon 
chain of the fuel. The presence of a double bond or an 
alcohol or acid group in the open-chain compound lowers 
the oxidation tendency of the mixture, and the spontaneous 
ignition temperature is then in the neighbourhood of 
250° C. ; the presence of aldehyde or ether groups increases 
noticeably this tendency, as also does the addition to the 
mixture of small quantities of an alkyl hydrogen peroxide. 
A saturated or monoethylenic cyclic hydrocarbon is also 
readily oxidized, but on the contrary the benzene derivatives 


are not rapidly oxidized, and do not ignite at lower tem- 
peratures than 300° C. at atmospheric pressure; neither do 
ethane, methane, nor ethylene and propylene. In all these 
cases the oxidation reactions are accelerated by increasing 
the concentration of the combustible constituent of the 
mixture. A more or less large excess of hydrocarbon is 
necessary to cause spontaneous ignition at 250° C. at 1 atm. 
pressure. 

(/>) Ignition at Increased Pressures. All recent determina- 
tions at pressures higher than atmospheric give ignition 
temperatures lower than, or equal to, 300° C. This is shown 
by the results of Tizard and ^e [46, 1922, 1926], of Lewis 
[23, 1930], Dumanois [12, 1928], Mondain-Monval [28, 
1929-30], and Quanquin [38, 1931], and especially by the 
very complete results of Tewnend and his collaborators 
[47, 1934]. The latter investigator studied the effects of 
increased pressure between 0*75-10 atm. on the ignition 
temperature of various hydrocarbons, especially pentane 
and hexane. In contrast to the results summarized above 
they did not obtain a true flame at 300° C. with certain 
mixtures of air and pentane at atmospheric pressure. Only 
hexane air mixtures containing more than 5% hexane 
ignited below 300° C. at 1 atm. pressure in their experi- 
ments. Mixtures containing less combustible material 
required pressures of 1*25-1*75 atm. for ignition to take 
place at lower temperatures. In the case of pentane air 
mixtures the phenomena observed with hexane set in at 
0*25 atm. pressure above the atmospheric pressure; this 
divergence from the preceding results (of Prettre) can per- 
haps be explained by the differences in the experimental 
methods used. 

The principal result, however, of Townend’s work is to 
show that the two ignition temperature zones discovered 
by Prettre under certain experimental conditions do not 
both exist at all pressures, but that at sufficiently high 
pressures ignition should occur at all temperatures above 
250° C. In agreement with what all the investigators men- 
tioned have found, Townend confirmed that the minimum 
pressure necessary for ignition at 300° C. diminished as the 
molecular weight of the hydrocarbon increased, and there- 
fore the oxidizability and the inflammability between 200 
and 300° C. of these substances is a function of this mole- 
cular weight. Townend also noted that with isomers it 
was always those with unbranched straight chains which 
were most easily oxidized and ignited at about 300° C. 

It can therefore be concluded that all the measurements 
made on oxidation and ignition between 200 and 300° C. 
of paraffinic hydrocarbons which are the constituents of 
normal petrols result in placing these compounds in a class 
together. 

Comparison of the Results with the Resistance of Fuels 

to Knock. 

Campbell, Lovell, and Boyd [7, 1928] examined in a test 
engine the influence of the concentration of the fuel on 
knocking. They proved that a deficiency of air increased 
the knock tendency and its violence. However, it has just 
been mentioned that a deficiency of air increases the 
oxidation velocity and susceptibility to ignition, and tends 
to lower the minimum ignition temperature to about 
250° C. and to diminish the ignition delay. 

The same authors [24, 1931, 1933-4] measured the resis- 
tance to knock of a large number of saturated olefinic and 
acetylenic hydrocarbons of the fatty and aromatic series. 
In order to determine this they found the aniline equivalent 
of each mixture, that is, the number of centigram molecules 
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of aniline added to or taken from a litre of reference spirit, 
needed to increase resistance to knocking to the same 
extent as by the addition to the reference spirit of one 
molecule of the substances under examination. The follow- 
ing table shows that the classification obtained is substan- 
tially similar for different workers who have systematically 
studied the slow oxidation or ignition of hydrocarbons 
between 200 and 300” C. 

The table proves that the knock tendency, or oxidation 
and ignition, are effected by the following factors: pressure, 
concentration, and particularly the constitution of the 
combustible mixture. In every case an increase of molecular 
weight increases the knock tendency provided the carbon 
chain is not modified. The presence of a double bond 
or numerous branches in the chain, e.g. CH3 groups, 
diminishes the oxidation tendency and increases the aniline 
equivalent. The benzene hydrocarbons are the least readily 
oxidized and are about the most resistant to knocking. 

It is not important that there are differences between the 
various numerical results obtained by different authors on 
the same substance, since the apparatus used was different 
and various secondary factors modify more or less the 
oxidation reactions. Amongst these secondary factors 
should be mentioned hot cylinder walls, the ratio of surface 
to volume of the vessel, the time of contact of the gas with 
the hot surface at the reaction temperature, and the dura- 
tion of the preliminary heating period. 

Very different numerical results have been obtained when 
the aniline equivalent has been measured on different 
engines, but the general classification of the hydrocarbons 
as regards oxidation has not been appreciably changed. 
This is not the case for those petrols which can be classed 
in a different order according to the apparatus in which 
the tests are made. The petrols are always a complex 
mixture of hydrocarbons, and each has its own suscepti- 
bility to oxidation; those least readily oxidized can under 
certain conditions act as inhibitors to the oxidation of the 
other constituents; even a small modification of these 
conditions is sufficient to suppress this inhibitory action. 

It must therefore be concluded that the resistance to 
knock of a combustible mixture depends mainly on its 
chemical constitution, and that this resistance is directly 
related to its oxidizability. A study of the action of anti- 
knocks on slow and explosive combustion confirms this 
point of view. 

Action of Anti-knocks. 

Anti-knocks, such as lead tetraethyl (Midgeley [27, 
1923]), diminish the knock tendency of hydrocarbons; 
their range is limited, in that it is not possible, by the addi- 
tion of large amounts of anti-knocks, to increase the octane 
number of a very bad spirit to a high level (Heble, Rendel, 
and Carton [20, 1933], Campbell, Signaigo, Lovell, and 
Boyd [8, 1935]). 

Many experiments have been carried out in order to con- 
firm the hypothesis that knocking is caused by a modifica- 
tion of the flame region caused by the igniting spark; a 
modification which implies the formation of an explosion 
wave. According to this theory, anti-knocks would render 
the production of detonation more difficult by diminishing 
the velocity. Experience has shown that neither the com- 
mencement of the explosion wave nor its velocity was 
modified by the addition of lead tetraethyl to the mixture 
(Egerton and Gates [16, 1927], Laffitte and Dumanois [21, 
1928]). In contrast all anti-knocks, even the less efficient, 
have a large effect on the oxidation ignition reactions; all 


experiments are in accord on this point. Moureu, Dufraisse, 
and Chaux [30, 1927], also Callendar [6, 1927] and Egerton 
and Gates [16, 1927], have shown that the velocity of 
absorption of oxygen by petrol and paraffin was greatly 
retarded by lead tetraethyl, and various other anti-knocks. 
Lewis [23, 1927, 1929-30], Dumanois and Mondain-Monval 
[12, 1928], Mondain-Monval [28, 1929-30; 29, 1933, 1935], 
Quanquin [38, 1931], observed that progressive heating of 
hydrocarbon mixtures in closed vessels, which would 
normally cause explosive reactions between 220 and 250° C. 
in the absence of anti-knocks, did not cause ignition of these 
mixtures even at 300° C. when a little lead tetraethyl was 
added, slow oxidation itself becoming negligible. Ignition 
at 250” C. under atmospheric pressure is suppressed by the 
addition of small quantities of anti-knocks. The addition 
of 10% of benzene to pentane had the same effect, but then 
the cold flame subsisted between 250 and 350 C. In the 
presence of lead tetraethyl, the cold flame was not visible 
below 350° C., and in all these cases the spontaneous 
ignition temperature was higher than 600° C. (Prettre [35, 
1932]). 

On rapidly heating mixtures by adiabatic compression 
these ignited under increased pressure at similar tempera- 
tures whether they did or did not contain lead tetraethyl, 
Pignot [33, 1926]. This would appear to contradict the 
observations of Lewis and of Mondain-Monval. 

An explanation of this divergence has been given by 
Townend and his collaborators [47, 1934], who have shown 
that the effect of anti-knocks is to displace towards high 
pressures the curve expressing the ignition temperature as 
a function of the pressure. Thus when an anti-knock has 
considerable influence at ordinary pressure, the ignition 
temperature being raised more than 150° C., it has no effect 
at high pressures. The effective range of anti-knocks can 
be extended towards high pressures, under different experi- 
mental conditions from those of Townend (for example 
under those of Mondain-Monval), but it would always be 
limited, thus explaining the results obtained in engine tests. 

Intermediate Oxidation Products between 200 and 
300° C. 

Apart from carbon monoxide, hydrogen, carbon dioxide, 
and water vapour, the partial oxidation products of the 
paraffin hydrocarbons, as found by the various experi- 
menters, are: ethylenic hydrocarbons, or saturated carbon 
chain compounds shorter than the initial hydrocarbon, 
aldehydes, and peroxides. In particular Quanquin [38, 
1931] has indicated that the partial oxidation products of 
hexane contain the following peroxides CH3OOCH2OH; 
C2H5OOCH2OH ; and the work admitted the existence of 
the compound CH3OOH. The characteristic reactions of 
organic peroxides have been obtained by numerous 
authors in the analysis of the products, at the beginning 
stages of combustion and under very different experimental 
conditions. 

The great instability of alkyl peroxides at temperatures 
above normal shows that only a very small fraction of these 
substances can escape practically instantaneous decomposi- 
tion at temperatures of 2(X>-3(X)° C., especially at ordinary 
pressures. Experimenters have tested only a very small 
fraction of the peroxidic substances that give slow com- 
bustion, yet they have detected quite appreciable quantities. 
This is the proof of the importance of the peroxidation 
reactions which are a necessary intermediate stage in slow 
and explosive combustion between 200 and 300° C. 

The numerous researches of Bone and collaborators [4, 
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1927, 1929] have led this investigator to affirm frequently 
that he had never established the presence of peroxides. 
But the work of Bone has never been carried out on hydro- 
carbons capable of oxidation and ignition in the range 200- 
300® C. ; they have been limited to gases such as methane, 
ethane, and ethylene; none of these are oxidized to any 
pronounced extent below 300-400® C. Experimenters who 
have detected the presence of peroxides have not worked 
with these gaseous hydrocarbons. There is therefore no 
contradiction between the statements made by Bone and 
the certain presence of peroxides in the oxidation of long- 
chain carbon compounds. Bone’s results are not an 
obstacle in the way to conclude that the principal consti- 
tuents of petrol oxidize and ignite according to processes 
which include the intermediary formation of alkyl per- 
oxides. The abundant formation of peroxides in I.C. 
engines has been demonstrated by the experiments of 
Dumanois, Mondain-Monval, and Quanquin [13, 1931]. 
The knowledge of the energy of intra-atomic linkages makes 
it more probable that peroxide molecules should be formed 
at fairly low temperatures than any other product of oxida- 
tion which demands the preliminary formation of atoms 
from the molecule of oxygen. The formation of atomic 
oxygen requires 117,000 g.-cals., whereas the energy 
necessary to break down a paraffinic carbon chain never 
exceeds 70,000 g.-cals., and this energy diminishes for 
the linkages between the central carbon atoms when the 
chain is lengthy. There is therefore an e\ ident parallelism 
with the oxidizability. This is confirmed by the higher value 
corresponding to the binding of the carbon atoms in the 
benzene nucleus, which is oxidized only with difficulty, and 
does not easily cause knocking. 

The analytical results do not, however, permit the suc- 
cessive oxidation reaction stages to be completely given. 
The primary oxidation product may be of the type R — 
CH 2 — O— O — CHj — R, but has never been isolated from 
the paraffin hydrocarbons. Nevertheless, the investigations 
of Rieche [41,1931] and his collaborators, on the dissociation 
of peroxides and the reactions of these compounds with 
aldehydes, provide an explanation of the transformation 
of the primary product, again hypothetical, into peroxides 
of lower molecular weight, such as have been mentioned. 
A reasonable but nevertheless uncertain scheme of the suc- 
cessive stages of oxidation can be established by using these 
results. 

Together with peroxides, ethylenic hydrocarbons with 
molecular weights less than the initial products have been 
frequently isolated. It is certain that during oxidation free 
radicals are formed in a transitory state, and these lead to 
the formation of various hydrocarbons such as methane, 
ethane, and ethylene. Rice [40, 1934] has stated that the 
tendency of the paraffins to cause knocking increases with 
their tendency to dissociate into free radicals in the absence 
of oxygen, or when oxygen is in defect. These free radicals 
which, as well as hydrogen and oxygen atoms, can cause 
dissociation of hydrocarbons, of the peroxides, and of other 
intermediary products, are very reactive; they accelerate 
oxidation considerably, giving rise to chain reactions. 
According to Norrish [31, 1935] similar reactions occur 
with methane, ethane, and ethylene; these will not be 
discussed in this article. 

A study of the absorption spectra of hydrocarbon mix- 
tures in the course of oxidation has seldom been attempted ; 
it has, however, already furnished information of great 
importance. Egerton and Pidgeon [17, 1933] have 
examined in this way the slow combustion of butane, and 


have proved that during the induction period absorption 
bands characteristic of aldehydes, fatty acids, and per- 
oxides were present together with a band in the neighbour- 
hood of 2,600 A., corresponding to a radical or compound 
not yet identified. The concentration of this latter com- 
pound diminishes rapidly as aldehyde, fatty acid and per- 
oxide increase. These results are sufficient to show the 
value of this method of measurement. These experiments 
must be compared with those of Withrow and Rassweiler 
[51, 1933-4], carried out on an engine. Spectrographs have 
shown that hydrocarbon mixtures not yet reached by the 
flame from the igniting spark show the absorption bands 
of aldehydes even when the engine was not knocking; this 
proves that a definite and very rapid oxidation takes place 
in the engine. The addition of lead tetraethyl suppresses 
knocking but the aldehyde concentration remains constant; 
however with aniline, a less effective anti-knock, there is 
a diminution of the aldehyde formation, thus indicating 
that these two anti-knocks do not act on the same stage 
of the oxidation reactions. 

The Velocity and Mechanism of the Oxidation Reaction 

between 200° C. and 300° C. 

In order that the oxidation phenomena can play a part 
in engines where the hydrocarbon mixtures only remain 
for a very short time, it must be realized that under the 
conditions of temperature and pressure in an engine giving 
rise to knocking the oxidation velocity is considerable. 
This has been qualitatively proved by the work of Duma- 
nois, Mondain-Monval, and Quanquin and of Withrow 
and Boyd. It is, however, a study of the kinetics of the 
oxidation reactions of the paraffin hydrocarbons which 
gives exact information on the influence of various factors, 
such as pressure, temperature, and concentration, on the 
velocity of combustion leading to ignition. These studies 
have been but rarely undertaken with liquid hydrocarbons; 
indeed, the researches of Pidgeon and Egerton [32, 1932] 
are the only ones which are nearly complete on the subject 
that have been published up to the present. These authors 
have examined mixtures of pentane and oxygen at tempera- 
tures below 300° C. 

The effect of pressure on the oxidation velocity is con- 
siderable, the reaction apparently being of the third order. 
Inert gases such as nitrogen accelerate the reaction, and an 
increase in the concentration of the pentane similarly acts 
in the same direction only more pronouncedly; an increase 
of the hot surfaces of contact, on the contrary, has an in- 
hibitory effect. The induction period which precedes the 
slow oxidation, and at higher temperatures the ignition- 
point, is still more sensitive to these different accelerating 
influences. 

Under certain conditions of concentration and state of 
walls, it is possible to show the very pronounced effect of 
pressure on hydrocarbon mixtures, especially of the more 
readily oxidized combustibles. The apparent order is then 
often greater than 5 ; that is the velocity F, of the reaction 
examined, varies more rapidly with the pressure than would 
be given by the expression V K.p^, Prettre [36]. 

The considerable influence of various factors, such as 
pressure concentration, surface, and especially that of inert 
gases, proves beyond doubt that oxidation reactions depend 
on ‘chain mechanisms’, the theory of which has been 
formulated by Semenoff* [42, 1935]. It should simply be 
recalled here that a general characteristic of chain reactions 
is that they are always accelerated very considerably by 
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pressure and by the presence of inert gases (such as nitrogen 
from the air in the case of LC. engines). 

The induction period which precedes ignition is con- 
siderable at ordinary pressures— from 10 to 15 sec. at least, 
but the pressure should act greatly on the oxidation 
reactions which happen during this period. Its action on the 
rate is about the fourth, or fifth, power if the reactions are 
produced isothermally. This is, however, not the case, for 
the cold flames preceding ignition are accompanied by 
considerable exothermic phenomena. To the effect of pres- 
sure is added that of temperature, so that the rate can be 
much greater than that given by the classical kinetics, for 
the temperature coefficient is high (3-4 times for 10° C.), 
and the ‘apparent order’ of reaction often increases with 
the temperature in chain reactions. Townend, Cohen, and 
Mandlekar [47, 1934] examined the effect of pressure and 
temperature on the reaction velocity leading to ignition 
and, under the chosen experimental conditions, extra- 
polation of their figures for the delay of ignition has shown 
that at 390° C. the delay necessary to cause thermal 
explosions becomes less than 0 005 sec. when the pressure 
was greater than 4 atm. Therefore it is easily seen that, 
during the brief time the mixtures are in the engine, oxida- 
tion is produced at a considerable velocity, which is a 
function of the pressure, and in some measure a function 
of the temperature; the logical consequence being that for 
such mixtures a maximum pressure cannot be exceeded 
without causing spontaneous ignition with a given delay, 
even if only a brief one. 

The heterogeneity of the temperature of the combustible 
charge in the cylinder cannot play a sufficiently important 
role to prevent ignition; it has been proved that this hetero- 
geneity cannot oppose itself to an important slow oxidation. 
The relatively cold walls exercise a deactivating effect, a 
little more pronounced than in the laboratory experiments, 
and the turbulence introducing into the hot gases much 
colder molecules only produces a slight supplementary 
deactivation. All these effects arc easily compensated for 
by a slightly increased pressure, and the spontaneous igni- 
tion with only slight delay will need only slightly greater 
pressure because of the high order of the reactions in spite 
of the effect of the cold walls and the turbulence. 

Heterogeneity of temperature caused by turbulence 
exists apart from the heating of the gas due to adiabatic 
compression by the piston. This latter diminishes rapidly 
when the slow oxidation becomes so great that its thermal 
effects exceed the effect of compression. It is therefore use- 
less to attempt to calculate the temperature of mixtures 
injected into a cylinder by the aid of measurements of 
pressure. 

The Spontaneous Ignition Flame Velocity. 

All experimenters would agree that spontaneous ignition 
of a combustible mixture when exposed at all points to a 
nearly uniform temperature is characterized by the simul- 
taneous appearance and disappearance of the flame 
throughout the gas. Tauzin [44] has attempted to record 
the flame velocity due to ignition of a mixture of IHg hOj. 
The apparatus used enabled him to detect propagation 
velocities up to 1,000 metres per sec., but in spite of this 
sensitivity he was unable to record any movement of flame, 
either from the centre of the gas to the walls, or vice versa. 
The formation of the detonation type of combustion would 
not be expected from the conditions of temperature and 
pressure in his experiments. It must therefore be concluded 
that the explosive reaction was simultaneous at all points 


of the mixture examined: the duration of the luminous 
phenomena did not exceed 0 01 sec. The explosion result- 
ing from the ignition is therefore simultaneous at all 
points of the mixture and lasts a very short time. Conse- 
quently this suffices to explain the formation of a shock 
wave which is sufficient to explain the violence of the effects 
due to such ignitions, since they are produced at a high 
pressure. The mechanical effects of knocking observed in 
engines are therefore easily explained without referring to 
a detonation wave, of which the mechanical effects would 
be far greater. 

The results of Tauzin seem to be completely comparable 
with the photographic record of Withrow and Boyd [50, 
1931] on the movement of flame in engines giving rise to 
knocking, as are also the results obtained by Duchene 
[10, 1932]. 

If large differences of temperature, pressure, and con- 
centration exist in the combustible mixture in a cylinder, 
then ignition would certainly occur first at a point par- 
ticularly favoured by these factors which cause rapid oxida- 
tion. This fact was observed by Withrow and Boyd on 
certain of their photographs. This heterogeneity conse- 
quently can cause ignition to occur successively at various 
points in the mixture. The photographic record will then 
register the movement of flame, the velocity of which would 
be an inverse function of the retardation of ignition at 
various points in the mixture. There is nothing to oppose 
the velocity being nearly as rapid as a detonation. But it 
will never become a true explosion wave. It is the explosive 
capacity of the initial mixture which principally governs 
the conditions for the formation of the detonating type of 
combustion. Dilution with large amounts of inert gas 
(e.g. nitrogen from the air) prevents so rapid a flame; an 
increase in pressure certainly acts in the opposite manner, 
but at 10 atm. a theoretical mixture of pentane and air does 
not detonate at ordinaiy temperatures (Egerton and Gates 
[16, 1927]). In I.C. engines the pressure reaches between 
20 and 25 atm. at the moment when knocking occurs, but 
the absolute temperature of the gas is at least doubled at 
this moment, due to adiabatic compression, and the result- 
ing thermal expansion reduces the efficacy of this pressure. 

The results obtained by Egerton and Gates are therefore 
probably applieable to most engines. 

Slow oxidation can never facilitate formation of a detona- 
tion wave. If more explosive substances than the initial 
hydrocarbon mixtures be formed in the presence of oxygen, 
such as peroxides for example, there are formed at the same 
time compounds which cause practically no detonation, 
such as the lower molecular weight hydrocarbons, and 
carbon monoxide, or completely inert substances such as 
carbon dioxide and water vapour. At the same time the 
oxygen concentration greatly diminishes. This explains 
why, whatever the initial pressure, no experiment on the 
formation of the detonation wave has yet shown that the 
temperature necessary to cause oxidation of the usual 
hydrocarbon air mixture facilitates the formation of this 
wave. 

A theory has been put forward that the radiations from 
the flame due to ignition would be capable of causing 
detonation by modifying photochemically the mixture at 
the farther end of the combustion chamber and causing it 
to detonate. Attempts to verify this theory have been 
made, by submitting a portion of a mixture to a very intense 
luminous flux — they have been without result. Paraffin 
hydrocarbons are absolutely inert to visible radiations, and 
to the near ultra-violet radiation: oxygen is only changed 
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photochcmically in the Schumann region, equal or less than 
1,750 A. Such experiments can only be conclusive with 
wave-lengths capable of modifying the initial mixture : the 
extreme end of the ultra-violet, which certainly gives atomic 
oxygen or perhaps the infra-red. 

Oxidation and Ignition at Temperatures above 300° C. 

At atmospheric pressure mixtures of air and hydro- 
carbon vapours no longer ignite above 300° C. : the slow 
oxidation velocity then falls to a lower value than at about 
250° C. (Prettre [36]). The curve of the ignition tempera- 
ture as a function of the pressure shows that the minimum 
pressure necessary to cause ignition increases to several 
atmospheres when the temperature is raised to between 
350° C. and 400° C. (Townend [47, 1934]). Above 400° C. 
the temperature again has its usual favourable influence 
on oxidation and ignition. 

The abrupt diminution of oxidation between 300° C. and 
400° C. imposes an important modification on the chain 
of reactions. The peroxides are in effect no longer detect- 
able at these temperatures, however short the contact of the 
mixture with the hot surface. The investigations of Bone 
[4, 1927, 1929] have been carried out mainly on oxida- 
tion at temperatures equal to or greater than 400” C.: 
his conclusions are therefore perfectly applicable to those 
temperatures. The recent investigations of Norrish [31, 
1935], Thompson and Hinshelwood [45, 1929] have shown 
that these combustions as with those produced at much 
lower temperatures are dependent on chain reactions. 

The problem arises whether this slowing down of the rate 
of oxidation between 300° C. and 400° C. can influence 
the spontaneous combustion phenomena in engines. The 
measurements of Townend, Cohen, and Mandlekar [47, 
1934] on the delay of ignition at different temperatures and 
pressures furnish valuable indications on this subject. In 
the pressure-temperature curves (see graph), the ignition 
temperatures of a hydrocarbon mixture obtained by 
Townend are plotted as a continuous line, and the curve 
showing the minimum pressure necessary to produce 
ignition at various temperatures, after a delay of 1 sec. in 

each case, are plotted thus: . The path of this 

latter curve implies that it would be similar for much 
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shorter delay periods ri, r 2 , curves shown thus: . 

At about 300° C.-350° C. there is, as indicated by Townend, 
a particular temperature interval, for which the delay is 
smaller at a given pressure than that involving a higher or 
lower temperature. Thus in an engine in which a mixture 
remains in the cylinder for a length of time greater than the 
delay r 2 , then ignition occurs when a temperature given by 
the point ^2 is reached: but if the velocity of heating is 
much greater, then the temperature Z >2 would be attained 
in a time less than r 2 , and hence a temperature C 2 must be 
reached in order to obtain ignition; if the mixture does not 
attain this temperature then ignition will not take place. 
At higher pressures the zone is more extended, and it 
would be difficult to exceed it without causing ignition. At 
the same time, the ignition delay between 300° C.-350° C. 
diminishes and the curve of short delays cannot have any 
more opposing slopes, curve t\. It is therefore useless to 
have high engine temperatures, as oxidation and ignition 
then are set up nearly instantaneously. Anti-knocks, since 
they displace the curve of ignition temperatures towards 
higher pressures, act the same on the curves of equal igni- 
tion delay. 

Injection Engine Fuels. 

As for petrols these fuels possess an oxidizability and an 
inflammability directly connected with their chemical con- 
stitution. Paraffinic and cyclic molecules, when they are 
slightly branched or unbranched, would give rise to ignition 
more readily; fuels possessing the benzene type of structure 
would be less readily oxidized and ignited. Measurements 
on the efficacy of these types of fuel and the establishment 
of a scale of cetane numbers, using mixtures of cetane 
and mesitylene (Boerlage and Broeze [3, 1931]) have 
confirmed this point of view. An analogy between injection- 
engine fuels and their aptitude in causing knocking in I.C. 
engines has been shown by Dumanois [11, 1933]. This 
again shows the relation between knocking and oxida- 
tion and ignition phenomena. 

Conclusion. 

The sensitiveness to knock of a fuel and its behaviour 
on ignition in an I.C. engine are closely related to its sus- 
ceptibility to oxidation and to spontaneous ignition; on the 
contrary the rapidity with which the detonation wave is 
formed is not connected with knocking or explosibility. 
The influence of anti-knocks in engines can only he 
explained by their inhibitory action on the thermal 
combustion. 

Although the results already obtained are sufficient to 
establish certain conclusions, our knowledge of the actual 
changes occurring in a mixture under engine conditions is 
still very incomplete. It is known that various bodies such 
as peroxides and aldehydes are formed, and the presence 
of free radicals and atoms can be affirmed. It has been 
proved that the reactions have a chain mechanism, but 
there is some way to go yet before a quantitative representa- 
tion can be given of the importance and of the velocity of 
the various elementary processes which comprise such 
complex oxidations. 

The practical interest of these combustions and their 
theoretical importance to chemical kinetics demand and 
allow hope of further investigations in this field. 
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Introduction 

The ignition of an explosive gaseous medium may be 
effected by a number of means, as, for example, by an 
electric spark, contact with a hot element, flame, or other 
external source of heat, or it may occur spontaneously if 
its temperature and/or pressure be sufficiently raised, as by 
adiabatic compression, so that self-heating of the medium 
as a whole is induced. It is to the last-named category that 
we propose in this article to restrict our consideration of 
ignition, for it is now generally recognized that the be- 
haviour of any fuel in an engine is largely influenced by 
the chemical reactivity of the unburnt medium ahead of the 
flame as controlled by the degree of compression, the work- 
ing temperature, and speed of running. In such circum- 
stances, where the available time interval is very short, any 
appreciable chemical reaction must ipso facto be intense 
and conditions will proximate closely to those of the igni- 
tion point; indeed, since the work of H. T. Tizard and 
D. R. Pye [42, 1922], to which we shall refer in more detail, 
it has been accepted that in general there is a close relation- 
ship between both the chemical reactivity and spontaneous 
ignition temperature of a fuel and its knocking propensity 
in an engine. 

The measurement of ‘ignition temperatures’ is therefore 
a matter of great interest in gaining some insight into the 
probable behaviour of fuels in an engine. As will be seen 
in what follows, however, the subject as a whole is far more 
complex than has hitherto been supposed, and great care 
has to be exercised in drawing any inference from indivi- 
dual data without taking into full consideration all the 
special experimental circumstances under which they have 
been determined. Before dealing with some of the experi- 
mental results for ignition temperatures of fuels and their 
relationship with engine problems, it may be of advantage 
briefly to consider the theoretical aspect of the subject 
generally. 

Pre-flame Combustion. Chemical change may be deter- 
mined in a gaseous explosive mixture at a much lower 
temperature than is required to develop flame; in such 
circumstances, however, the rate of combustion is slow. 
With rise of temperature the reaction becomes more rapid, 
an increase of some 10® C. usually resulting in a speeding 
up of the reaction of from 2 to 4 times. 

According to the classical view of Arrhenius there exists 
in a gaseous system an equilibrium between ‘normal’ and 
‘active’ molecules (k " [active form]/[normal form]), the 
latter alone being capable of participating in chemical 
reaction. ‘Active’ molecules were supposed to be formed 
endothermically from ‘normal’ molecules, so that with rise 
in temperature the shift in equilibrium towards an increase 
in the concentration of ‘active’ molecules would be 
governed by the van’t Hoff equation 
d\o%k _ E 
~df~ ^ 


£■ being the heat absorbed in activating a normal molecule. 
The reaction rate, k, being dependent upon the number of 
active molecules which was considered small in proportion 
to the number of normal molecules, the above equation 
on integration yielded 

k = 

On these premises an ignition temperature has hitherto 
been defined as that temperature to which an explosive 
medium must be raised so that the heat lost from the 
system by conduction through the walls of the enclosure 
is more than counterbalanced by the rate at which it is 
evolved by the interaction; the reaction thus becomes self- 
accelerating, the temperature rising until ignition occurs 
and flame appears. 

It will be clear, therefore, that an ignition temperature 
does not necessarily correspond with an instantaneous 
appearance of flame; indeed, there is invariably a definite 
‘pre-flame period’ or ‘lag’ during which combustion is 
self-propellant. The duration of such lags may vary be- 
tween a small fraction of a second and 2 hours or even 
more depending upon the experimental conditions, a con- 
sideration of paramount importance in evaluating an ‘ igni- 
tion temperature’ in so far as it may have any bearing on 
conditions prevailing in internal-combustion engines; for 
in such circumstances an ignition temperature would have 
little significance unless the corresponding lag were of the 
order of, say, 0 005 sec. 

During the past decade a new outlook has arisen in 
regard to the factors controlling the velocities of exothermic 
chemical reactions due to the conception of ‘chain reac- 
tions’, a subject to which we have also referred elsewhere 
(Combustion Phenomena of Hydrocarbons, p. 2860). 
According to this more recent view, when a reaction occurs 
between suitably energized molecules the product(s) which 
possess both the heats of ‘activation’ and ‘reaction’ do not 
pass this on by indiscriminate collisions to the gaseous 
system as a whole, thereby causing general temperature 
rise, but by specific encounters with suitable reactant mole- 
cules hand on the energy to them quantumwise. In this 
way the progress of general chemical reaction is related 
to the number, length, and multiplication of so-called 
‘chains’. 

A chain of the type referred to is termed an ‘energy’ 
chain; frequently, however, a chemically active product 
(maybe a ffee radical) is postulated which after suitable 
collision is responsible for the regeneration of a ‘chain 
carrier’. Thus, for example, in the oxidation of methane 
an O-atom has been postulated by R. G. W. Norrish [31, 
1935] as the ‘carrier’ as follows: 

CH4 f O -> : CH2+H2O. (i) 

: CH2+O2 -> HCHO+0. (ii) 

It is considered that chains may be either initiated or 
broken both on the walls of the containing vessel or in the 
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gas phase, according to circumstances. Under suitable 
conditions it is thought probable that for each initial mole- 
cular reaction two ‘carrier’ atoms or molecules may be 
generated for each one taking part in the initial encounter. 
Thus, according to Norrish’s view, in the course of the 
combustion of methane it is possible that the formaldehyde 
produced in (ii) may itself be oxidized via per-formic acid 
yielding formic acid and a further O-atom, thus: 

HCHO+O 2 -> HCOOH+O. (iii) 

When this occurs the process is referred to as a ‘branching 
chain’ mechanism which may give rise to an ignition. 

According to the ‘chain’ view, the lags prior to ignition 
would be made up partly of (a) an induction period during 
which a surface reaction is proceeding slowly and giving 
rise to a requisite concentration of some material which 
when once reached is adequate to initiate chains through 
the gaseous system faster than they may be broken, and 
{b) a resultant reaction period which, should branching 
ensue, would give rise to ignition. 

It should here be emphasized that much of the evidence 
for the operation of chain processes by themselves, in so 
far as it has been forthcoming from spontaneous ignition 
phenomena, relates mainly to observations at very low 
pressures which rarely exceed 100 mm. mercury; at higher 
pressures there may also be evidence of them when long 
lags (mainly an induction period of some minutes or more) 
are observed. But under the conditions of temperature and 
pressure corresponding with internal-combustion engines, 
where the time interval permissible for the development 
of enhanced chemical reactivity is very small, it seems 
probable that thermal considerations (i.e. the creation of 
a large number of suitably energized molecules by adequate 
temperature alone) play an important part. 

Methods of determining Ignition Temperatures 

From the foregoing it will be obvious that an ignition 
temperature can in no sense be regarded as a physical con- 
stant but must depend upon the experimental conditions 
under which it is determined. Also, it is not correct to 
speak of the ignition temperature of a particular com- 
bustible material but rather of that of a particular mixture 
of the combustible with air (oxygen). In recent years, how- 
ever, it has become possible to state within a little the 
temperature at which a given explosive mixture will ignite 
spontaneously under rigidly defined conditions and after 
a definite time interval. It is not within the scope of this 
article to deal in detail with the many experimental methods 
which have been employed for the determination of ignition 
temperatures ; nevertheless a few of those more commonly 
used may with advantage be given in outline, and attention 
directed to their respective drawbacks. 

1. Concentric-tube Method. In order to obviate the part 
played by ‘surface’ which to some extent had influenced 
the results of earlier workers, H. B. Dixon and H. F. 
Coward [7, 1909] introduced their well-known ‘Concentric 
Tube Method’ in which the combustible gas and air (oxy- 
gen) were separately heated to the temperature of the 
enclosure before being allowed to mix. The apparatus was 
later improved (Dixon and Higgins [8, 1926]) so as not only 
to control pre-flame time lags, but also to study the in- 
fluence of wide variation in gas pressure from between 
c. 50 mm. Hg to 7 atm. 

As illustrating the influence of lag on the ignition points 
determined in a concentric-tube apparatus, attention is 
directed to Fig. 1, in which ignition points of ethane in air 


for lags between 0 6 and 10 sec. have been plotted at pres- 
sures between 100 mm. and atmospheric. Thus at atmo- 
spheric pressure, if the experimental mixture is allowed to 
remain in the apparatus for 10 sec., ignition can be effected 



{Reproduced by permission from Chem. Society* ( 1934 ).) 


at 600" C., whereas for ignition to occur in 0*6 sec. the 
temperature must be raised to 650"" C. And the following 
figures show for various combustible gases or vapours at 
atmospheric pressure: (a) the minimum ignition tempera- 
tures allowing indefinite lags, and (b) the corresponding 
ignition temperatures for ignition to occur in 0-5 sec. 
(Coward [6, 1934]). 
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I. 0-63% H,0 in atmosphere. 2. 5-3 % H,0 in atmosphere. 3. 2% H,0 in 
gas and atmosphere. 


The concentric-tube method has also been employed 
recently by Dykstra and Edgar [12, 1934] in a study of 
the ignition of hexane-oxygen mixtures, to which we shall 
refer later. 

The main drawback in the method is that it affords no 
information as to the effect of varying the proportions of 
combustible and air, so that presumably the results ob- 
tained thereby pertain somewhat to the most easily ignitible 
mixtures. 

2. Method of using a Heated Vessel. The method of 
passing an explosive mixture into an evacuated vessel 
heated to a known temperature has been frequently em- 
ployed. It originated with Mallard and Le Chatelier [24, 
1880], and was used subsequently by Taffanel and Le Floch 
[38, 1913], Mason and Wheeler [26, 1922 et seq.], and 
Laffitte and Prettre [22, 1918, &c.]. It has also been used 
extensively in the determination of low-pressure explo- 
sion limits, and also for the determination of ignition 
temperatures at high pressures (Townend and co-workers 
[44, 1933 and 1934]). The results obtained by this method 
are necessarily subject to the action of the surface to which 
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the mixtures are exposed; moreover, although the varia- 
tion of ignition temperatures with time lag is normally 
quite easily measurable, this becomes difficult when con- 
ditions of very short lag are under observation owing to 
the necessity of the small time interval required for the 
operation of filling. It is also necessary to guard against 
abnormal ignitions caused by the creation of compres- 
sion waves during filling if this be too violent (cf. White 
[47, 1919]). 

The following figures, given by Mason and Wheeler [26, 
1924] for minimum ignition temperatures (indefinite lag) 
in a quartz vessel at atmospheric pressure, are representa- 
tive of those obtained by the method : 


% methane in air 

30 

; 5-85 

70 ' 80 

90 1 

lOO* 

1 120 130 

Minimum I.T. . 

700° 

695 

698 701 

707 

713 

1 726 732 

% propane in air . 

1-25 

2-50 

3 05 , 4-90 

6-50 

7-85 
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% butane in air . 

1-25 
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2-60 3-65 

4-85 , 

7-65 


Minimum I.T. . 
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% pentane in air . 

1-5 

215 

2-75 3-75 

5-30 

7-65 

1 . . 
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520 1 502 

486 ! 
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' •• ' •• 


On occasion flow instead of static systems have been em- 
ployed, and recently much information has been obtained 
thereby as to luminosity and ‘cool flame’ temperatures 
(Prettre [36, 1932]). In addition, the relative velocities of 
slow combustion up to the ignition point of the higher 
hydrocarbons have been studied over a wide range of tem- 
peratures between r. 200 and 600^" C., notably by Pease 
[32, 1929 and 1934] and Edgar [35, 1929 and 1934], with 
results which have been very informative and to which we 
shall again refer (see also article Combustion Phenomena 
of Hydrocarbons, p. 2860). 

3. Oil-drop Method. Most of the experimental work 
carried out on the higher hydrocarbons has been by the 
method in which a drop of the liquid fuel under tests is 
allowed to fall into a cup heated to a known temperature 
and through which a stream of air or oxygen is passing. 
This method, which was devised by Holm [19, 1913], is 
very convenient where high boiling-point fuels are under 
test, for they could only be handled in the vapour phase 
with difficulty, and at temperatures at which they would 
readily oxidize and/or polymerize. It provides, therefore, 
the only method at present available for working with 
Diesel fuels, the principal researches on which have been 
associated with the names of Holm [19, 1913], Constam 
and Schlaepfer [5, 1914], Wollers and Emkhe [50, 1921], 
Jentzch [20, 1924], Tause and Schulte [39, 1924], Moore 
[27, 1917], and Schaefer [37, 1931]. A review of the work 
of these experimenters has recently been given by Challoner 
[4, 1932]. The method has also been used widely for petrol 
and low boiling-point fuels, chiefly by Weerman [51, 1927], 
Egerton and Gates [13, 14, 1926], Thompson [40, 1928], 
Masson and Hamilton [25, 1927-9], and recently by Wiezo- 
vich, Whiteley, and Turner [49, 1935]. The possible varia- 
tions in working, e.g. drop size, nature of surface, velocity 
of supporting atmosphere, &c., and the unknown factors 
corresponding with lag periods, have given rise to much 
discrepancy in published results; moreover, the method is 
complicated by the fact that prior to ignition the latent 
heat of evaporation of the droplet has to be acquired from 
the system. A further disadvantage is that it is not possible 
to define the precise mixture of combustible and air/oxygen 
to which the ignition relates. There has also been frequent 
discussion as to whether the molecules of a fuel when 
rapidly vaporized are in the same energized state as those 
of the stable vapour; in this connexion Egerton and Gates, 


who studied many of the factors influencing the ignition 
temperatures determined by the oil-drop method [14, 1927], 
have given the following figures: 

Ignition temperatures 

I II 

„ , j j /liquid drop 515 520 

Pentane admitted as 655-90 685 

The nature of the surface of the cup also appears to have 
a greater influence in this method than in others. Egerton 
and Gates gave the following figures showing the difference 
in behaviour of iron and silica : 



Iron 

Silica 

Petrol . 

. 450 

470 

Pentane 

. 515 

505 

Acetaldehyde 

. 395 

350 


On the whole there is some general agreement among the 
various observers, as the following figures show: 
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Holm 

Moore 

Tause 

and 

Schulte 

Masson 

and 

Hamilton 

Thompson 

Egerton 

and 

Gates 


119] 

[21] 

[391 

[25] 

[401 

[13,141 

n-Pcntanc . 



487 

579 

309 

515 (540) 

n-Hcxane . 




520 

248 


/i“Heptane 






430 

Benzene 

520 

566 

740 

656 

580 

700 
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Ethyl alcohol 

510 
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515 
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770 

1 ] ’ 


750 

Carbon disul- 
phide . 




1 343 

125 

120 


It will be observed that Thompson’s results arc frequently 
much lower than those of other investigators ; the explana- 
tion of this will be made clear later. 

Until recently little study had been made of the influence 
of varying time lags on ignition temperature obtained by 
the oil-drop method, although this is an all-important 
question from the point of view of Diesel engines. Refer- 
ence may be made to two recent papers on the matter by 
F. A. Foord [18, 1932] and by L. J. Le Mesurier [23, 1932]. 
Fig. 2 (Foord) shows the relationship between ignition 
temperatures and lag for the following fuels: (1) gas oil, 
(2) kerosine, (3) Diesel fuel A, (4) Diesel fuel B, (5) creo- 
sote. 

4. Ignition by Adiabatic Compression. In 1903 Nernst 
[28] proposed measuring ignition temperatures by com- 
pressing gaseous explosive mixtures adiabatically. From 
the adiabatic equation = constant, if y be known, 
the temperature at any stage of the compression could be 
readily calculated from the relation: 



An advantage of such a method is that the walls of the 
vessel are comparatively cold, so that it may be considered 
free from any ‘catalytic’ influence. Moreover, it provides 
the possibility of measuring with accuracy the ignition 
temperatures for very short lags and in this sense ap- 
proaches more nearly to actual engine conditions than any 
other method. It suffers in that cooling losses are heavy, 
and on this account there remains some doubt as to the 
exact temperature attained; in addition there is a little 
difficulty in deciding the accurate value of y, and finally 
it has to be remembered that the ignition temperatures 
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pertain to the compression pressure as well as to the corre- 
sponding temperature. 

Working in Nernst’s laboratories, Falk [16] in 1906 used 
the method to determine ignition temperatures of various 
hydrogen-oxygen mixtures, assuming inter alia that the 
mixtures detonated instantly and that the downward move- 
ment of the piston was arrested at the moment of ignition. 



Fig. 2. 

{Reproduced by permission from Inst. Petroleum Technolosists\ 
18 (1932).) 

H. B. Dixon and J. M. Crofts [9, 1914] showed not only 
that few mixtures detonate in such circumstances but that 
the descent of the piston must be arrested at the moment 
the gases are brought to the true ignition point. During 
1921-6 H. T. Tizard and D. R. Pye [42, 43] used a com- 
pression-ignition apparatus suited for experimenting with 
higher hydrocarbons under such conditions with a view 
to throwing some light on the knock problem. In their 
apparatus the compressing piston was not only arrested 
at the ignition point but firmly held so that no backward 
movement was possible during the delay period. Their 
more recent machine consisted of a cylinder (int. diam. 
= 3 in.), jacketed to maintain fixed initial temperatures up 
to 180° C., with a piston (stroke of 8 in.) whose motion was 
actuated by engagement with a heavy flywheel kept spin- 
ning by an electric motor at about 350 r.p.m. The appa- 
ratus was also provided with a pressure recorder so that 
pressure-time records were obtained during the compres- 
sion-, delay-, and subsequent ignition and cooling-periods. 
It was thus possible to correlate the lags with the compres- 
sion temperature, a matter with which we shall shortly deal. 


The method has been used by other workers, notably 
Pignot [34, 1926-7] and Duchene [10, 1928], but experi- 
mental difficulties have retarded its more general applica- 
tion. 

Spontaneous Ignition and Knock 
Tizard and Pye’s Experiments. In a paper on the causes 
of knocking in internal-combustion engines read before the 
North East Coast Institution of Engineers in May 1921 [41], 
Tizard described the compression and ignition machine 
designed and built by Ricardo and some preliminary results 
of ignition temperatures mainly for hydrogen-air mixtures. 
He pointed out that the values obtained by Dixon, which 
were calculated from the compression ratios with the ideal 
value of y as if no loss of heat occurred, were too high 
and stressed the importance therefore of measuring the 
actual maximum pressures as well as the compression 
ratios. For hydrogen-air mixtures he gave the following 
minimum ignition temperatures: 
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61 
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90 
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60 
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13-5 

29*5 

59-5 

453 
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As regards hydrocarbon-air media, where the lags were 
much longer than with hydrogen-air mixtures, in the ab- 
sence of any knowledge of the temperature gradients in the 
compressed gas Tizard accepted as best the value calculated 
from the recorded pressure, at the same time recognizing 
that some small portion of the gas in an unchilled zone 
might have a temperature corresponding with that cal- 
culated from the volume ratios. In determining the latter 
the ideal values of y were calculated from the best-known 
specific heat data for the medium employed. The following 
were the so-calculated minimum ignition temperatures: 
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Tizard emphasized that the ignition lag decreases materially 
as the temperature attained on compression is raised ; and 
as regards knock, in the discussion which followed his 
paper he stated his view as to the relation between the 
ignition temperature of a fuel and its behaviour in an 
engine as follows : ‘ . Compression brings the charge to 
a temperature not very far short of its ignition temperature; 
the spark then passes, and owing to its higher temperature 
brings a portion of the gas . . . almost instantaneously to 
its maximum temperature. This will cause a still more 
violent turbulence; the hot portion will mix with the cooler 
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portion with a high velocity and brings the average tempera- 
tore of the latter well above its ignition temperature. The 
rate of rise of pressure will then be very rapid. ^ 

In a second paper Tizard and Pye [43, 1922], on the 
assumption that an ignition temperature is that at which 
the heat production just exceeds the rate of loss to the 
surroundings, set out to determine from the observed lags 
prior to ignition the temperature coefficients of reaction 
velocity for various combustible media. 

In the first place, from a study of the cooling curves for 
different gases compressed to corresponding temperatures 
they established that the rate of loss of heat was practically 
proportional to the difference between the average tem- 
perature of the gas and the temperature of the surround- 
ings, i.e. 



On the assumption that the relation between reaction 
velocity and temperature obeys the Arrhenius equation 
k — Ce^^'^y equations were developed for the relation 
at different temperatures between the rates of cooling and 
the reaction velocity from which the time required for the 
reaction to reach completion from any initial temperature 
could be estimated. The times so calculated were in close 
agreement with the experimentally determined lags. 

As a check on the method, in other experiments a fan 
was fitted to the explosion apparatus so that when running 
the cooling loss was increased; the results again agreed 
closely with experiment. The following are the calculated 
figures relating to heptane-air mixtures: 


Heptane- Air Mixtures 

/ with fan a = 1.42 
CooUng factor ( fan a - 0.49 


No fan 

Fan running 

Ignition temp,. 

Delay 

Ignition temp.. 

Delay 

"C. 

{sec.) 

"C. 

\ (sec.) 

282 

0-51 

309 

0-20 

285 

0-34 

313 

0-13 

296-5 

0164 

324 

0-07 

319 

0-063 

348 

0-027 

341 

0-03 

371 

0-013 

429 

0-003 




In the case of carbon disulphide-air mixtures the shorten- 
ing of the delay periods with rise of temperature was much 
less marked or, in other words, the temperature coefficient 
was less. 


Carbon Disulphide-Air Mixtures 


No fan 1 

Fan running 

Ignition temp., 
"C. 

Delay 

(sec.) 

Ignition temp.. 

Delay 

(sec.) 

255 

0-98 

298 

0-34 

258 

0-70 

301 

0-25 

269 

0-38 

312-5 

0-13 

290 

0-19 

335-5 

0-07 

311 

0-105 

358 

0-04 

395 

0-021 


•• 


The actual minimum ignition temperatures accepted by 
Tizard and Pye were those pertaining to the average tem- 
perature as deduced from the compression pressure, as 
follows: 



Heptane 

Ether 

Carbon disulphide 

Average ignition temp. 

280" C. 

212" C. 

253" C. 


The values calculated from the volume ratios as if adiabatic 
conditions held would have been heptane 321° C., ether 
243° C., and carbon disulphide 299° C. If it be more cor- 
rect to assume that the portion of the gas responsible for 
ignition was at a temperature higher than the average 
temperature, then probably the true minimum ignition tem- 
peratures would proximate to a mean of the above figures 
as follows : 

Heptane Ether Carbon disulphide 

300" C. 227" C. 276" C. 

Tizard and Pye incorporated some improvements in a 
more recent apparatus [43, 1926] as an outcome of experi- 
ence previously gained; thus, in order to lessen the com- 
pression requisite for ignition, they employed, by suitably 
jacketing their machine, initial temperatures of 1 50-80° C. 
Also the indicator now employed was of the Collins type. 
It was concluded that ignition occurs very locally and no 
criterion of the temperature at this point can be inferred 
from the mean pressures as recorded by the indicator; for 
it was found that, in the majority of cases near the minimum 
ignition temperature, ignition might occur even though the 
mean compression temperature of the gas had fallen during 
the delay period. This is well illustrated by a close study 
of the pressure-time records illustrated in Fig. 3. This did 
not upset the conclusions drawn and the calculations pre- 
viously made, however, for it may be concluded that the 
rate at which the nucleus of combustion is losing heat must 
bear some relation to the average rate for the whole gas. 

Perhaps the most important aspect of Tizard and Pye’s 
work is that it clearly shows that the conditions responsible 
for ignition when the lags are of the order of a fraction of 
a second are essentially thermal, or, in other words, a suffi- 
ciently high temperature alone is mainly responsible for 
the production of an adequate concentration of molecules 
sufficiently energized for reaction in accordance with the 
Arrhenius equation. And there does not appear in such cir- 
cumstances to be the necessity for invoking branching chain 
mechanisms as being primarily responsible for ignition. 

Generally speaking, the view put forward by Tizard and 
Pye as to the relationship between the knocking propensity 
of a fuel and its temperature coefficient of reaction when 
compressed above its ignition point has been accepted, 
though the violence associated with knock precludes the 
belief that it is merely a spontaneous ignition as ordinarily 
observed. The temperature coefficients of all paraffin 
hydrocarbons were found to be approximately the same, 
so that the compression-ignition temperatures should be 
a true measure of the tendency to knock. And just as the 
i^ition temperatures of the paraffins were found to dimi- 
nish as the series is ascended, so in practice the higher 
members give rise to knock more easily than do the lower 
ones. In fact the more rapid the rate of oxidation of the 
hydrocarbon the greater the tendency for it to knock. 

Another interesting observation of Tizard and Pye is 
that whereas the minimum ignition temperature of carbon 
disulphide is lower than that of heptane the latter gives 
rise to knock more easily in an engine and, when corre- 
sponding mixtures are compressed adiabatically to tem- 
peratures above their respective ignition points, the develop- 
ment of pressure is far more rapid when heptane is used 
as the combustible. 

Moreover, any factor which helps to reduce the tempera- 
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ture attained in the unbumt medium in an engine either 
locally or generally also reduces the tendency to knock. 
Thus increased turbulence or dilution with exhaust gas 
suppresses ‘knock’. It is also more prevalent when heat 
conduction is poor, as when a cylinder is carbonized or 
when its proportions exceed a certain limit. The presence 


of constrictions or pockets where heat may accumulate has 
also to be avoided. 

Another interesting feature relates to the influence of the 
speed of running on the ♦endency to ‘knock’. Thus ‘knock’ 
is more usually observed when an engine is labouring on 
hill-climbs; this has in some quarters been attributed to 
a better volumetric efficiency, but is mainly due to the 
increased available ‘lag’ period. The same explanation is 
probable in regard to observed variations in knock ratings 
with the speed of running of test engines (cf. R. O. King 
and H. Moss [21, 1931]). 

A marked exception to the adequately high temperature 
explanation of knock has been the observation made from 
time to time in different laboratories that, on occasion, 
raising the working temperature may, in fact, suppress 
knock (cf. Penning [17, 1925], Egerton and Gates [13, 
1926], and Dumanois [1 1 , 1933]). Actually it is now known 
that the higher paraffin hydrocarbons exhibit negative 
temperature coefficients over certain temperature ranges, 
so that the relationship between temperature coefficients 
and knock becomes if anything even more acceptable. 

Until recently the most intriguing factor in knock had 
been the part played by pressure, for although it was early 
recognized that a limit was set to engine design by the 
limiting compression ratios (the Highest Useful Compres- 
sion Ratios of Ricardo) beyond which it was impracticable 
to operate on account of the incidence of knock, no entirely 
satisfactory explanation of this had been forthcoming. 
From engine experiments it had been concluded that in- 
crease of pressure had a very marked effect, but it was 
difficult to distinguish between the two influences of pres- 
sure and temperature because increase of the one is always 
accompanied by increase in the other. Tizard and Pye were 
of the opinion that on the whole increase of pressure did 
lower ignition temperatures, though the effect was not 
marked. But they were also of the opinion that as their 
method only permitted pressure variation over a very 
limited range, it would be unwise to draw any conclusions 
from their own experiments without qualification; and it 
was stated (Tizard [43, 1926]): ‘A question of considerable 
scientific interest is involved in the further exploration of 
the effect of pressure because it concerns the mechanism 
of the reaction between gases. But from a strictly practical 
point of view, if pressure has an effect as it seems to have, 
although to what extent is not known, it does not really 
IV 


matter whether its effect is caused by increasing the rate 
of reaction at low temperatures or by increasing the maxi- 
mum temperature that is attained.’ 

It should here be mentioned that in 1926 H. L. Callendar 
and his collaborators [2] pointed out that vaporized hydro- 
carbons, and particularly those of high molecular weight, 
will tend to condense on com- 
pression and to form minute liquid 
drops (‘ nuclear drops ’). Particu- 
larly would this be the case when 
the fuel is sucked in as a spray or 
when carbon particles are present, 
thus supplyingnuclei which would 
initiate condensation. Moreover, 
the greater the compression ratio 
the greater would be the tendency 
of fuels to condense. In the case 
of a petrol such drops would 
consist of the heavier molecules 
having the lowest ignition tem- 
peratures; on absorbing oxygen 
they would become loci of chemical reaction and ultimately 
give rise to spontaneous ignition throughout the mass. 

This view, which is admittedly in many ways attractive, 
threw open a new possible line of approach to the subject, 
but it was exposed to two serious criticisms pointed out by 
Tizard [43, 1926], namely, that (1) in an explosive mixture 
in an engine the hydrocarbon vapour is so far from being 
saturated that the possibility of liquid drops being formed 
is hardly admissible, and (2) in the majority of cases the 
compression temperature is higher than the critical tem- 
peratures of the hydrocarbons concerned. (Sec also 
Egerton and Gates [14, 1927]). 

Townend’s Experiments. The issue as to the relative in- 
fluences of temperature and pressure remained indefinite 
for a number of years. In 1933, however, as part of an 
investigation into explosions of various hydrocarbon-air 
media at elevated temperatures and pressures, D. T. A. 
Townend and M. R. Mandlckar [44] commenced deter- 
minations of the influence of varying initial pressures up 
to 20 atm. on their reactivities during slow combustion 
up to their ultimate ignition points, and it was soon dis- 
covered that the relationship between ignition temperatures 
and pressure is by no means simple. 

Generally speaking, previous determinations at atmo- 
spheric pressure of the ignition temjjeratures of mixtures 
of the paraffin hydrocarbons with air, as, for example, those 
of Mason and Wheeler [26, 1924], had shown them to be 
at c. 500° C. ; under higher pressures, as in the experiments 
of Tizard and Pye [41, 1921 ; 42, 1926] (say, 12 atm.), they 
were usually at c. 300° C. Hitherto it had seemed reasonable 
to suppose that the fall in ignition temperature would be 
progressive with gradual increase of pressure, but Townend 
and Mandlekar found this to be far from the case; indeed, 
most of it was found to occur when a definite critical 
pressure had been attained, the exact value of which varied 
with the hydrocarbon concerned and with the composition 
of its mixture with air. 

The method employed was that originating with Mallard 
and Le Chatelier [24, 1880], namely, admitting rapidly an 
explosive mixture under investigation into an evacuated 
vessel, maintained at an accurately known temperature, 
the apparatus being adapted to meet the requirements of 
high pressures. The explosion vessel consisted of a Ni-stecl 
bomb provided with a mild-steel liner 15 cm. long by 
4 cm. diam., the capacity being 190 c.c.; the mild-steel 
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Fig. 3. Pressure-time records showing spontaneous ignition following adiabatic compression. 

(Tizard and Pye.) 
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liner being replaceable as desired by one of glass, silica, 
aluminium, &c. 

In discussing the results it should be borne in mind that 
the ignition temperatures at any pressure, unless otherwise 
stated, are the ‘minimum’ ignition temperatures, or, in 
other words, the lowest temperature to which the vessel 
must be heated for ignition ultimately to occur. The lags 
are therefore variable, depending upon the working con- 
ditions of temperature, pressure, and surface, a matter 
which, as previously explained, must receive due considera- 
tion when making inferences as to their applicability to 
engine conditions. For the purpose of this article we pro- 
pose to describe as typical of the behaviour of the higher 
paraffin hydrocarbons the results obtained for hexane-air 
mixtures (Townend, Cohen, and Mandlekar [45, 1934]). 



Fig. 4 

{Reproduced by permission from the * Proceedings of the Royal 
Society, 146 , 115 (1934).) 


In Fig. 4 a series of curves has been plotted showing the 
observed variation of ignition points with mixture com- 
position for mixtures of hexane contents between 1 and 8% 
and at pressures of J, 1, IJ, 1 J, 1 j, 2, 3, 5, and 10 atm. It 
will be observed that the ignition temperatures lie in two 
well-defined groups, one above 495° C. and the other below 
(q) 350° C. for weak mixtures, {b) 290° C. for rich mixtures, 
as indicated by the horizontal dotted lines. Only at pres- 
sures below i atm. did the ignition points for all hexane-air 
mixtures lie entirely in the upper group; thus increase of 
pressure to 1 atm. sufficed to lower to the lower group the 
ignition temperatures of all mixtures containing more than 
5*2% of the combustible. This fact inter alia accounts for 
the conflicting and scanty data in the literature for ignition 
temperatures with this hydrocarbon. At pressures above 
3 atm. the ignition temperatures for all mixtures are located 


in the lower group. It is thus clear that for any particular 
mixture there is a critical pressure at which the ignition 
temperature falls no less than about 2(X)° C. from a higher 
system to a lower one, and it is to this critical pressure 
that the knocking propensity of a paraffin hydrocarbon is 
now seen to be related. 

The influence of pressure on such ignition temperatures 
is perhaps best brought out by studying the detailed curves 
for individual mixtures. In Fig. 5, curves 1, 3, and 5 have 
been drawn showing the influence of progressive incre- 
ments of initial pressure on the ignition points of mixtures 
having hexane contents 6*5, 2-7, and 1*8% respectively 
(theoretical mixture =21 %). To facilitate a proper under- 
standing of the curves no. 5 may best be described. 

It should be understood that ignition occurred at any 
temperature and pressure found in the area to the right of 
the curve (shaded side). At pressures up to 1*9 atm. — the 
critical transition pressure — the ignition points were located 
in the top range and fell progressively with increase of 
pressure to 502° C. At this pressure ignition also became 
possible at 345° C., but not at temperatures between 345° 
and 502° C. At 1-98 atm. ignition was possible at 298° C., 
between 340° and 352° C., and at all temperatures above 
495° C. At about 24 atm. pressure the two lower ignition 
regions merged, so that ignition was possible at tempera- 
tures between 293° and 360° C. and above 470° C., but not 
between 360° and 470° C. At 4-6 atm. pressure ignition 
occurred at all temperatures above 280° C. 

At pressures just exceeding the critical transition pres- 
sures ignition thus occurs at first only within limited 
temperature ranges which widen and ultimately merge with 
increasing pressure. This phenomenon has b^n found to 
be a general feature of the ignition of mixtures of the higher 
paraffins with air and becomes of increasing importance 
as the paraffins increase in complexity. Though quite 
unanticipated at the commencement of the investigation, 
this observation is in striking agreement with the work 
of Pease [32, 1929 and 1934] and Edgar [1, 1934; 35. 
1929], and more recently of Neumann and Aivazov [29, 
1935], who have all noted definite temperature ranges in 
which the temperature coefficients of reaction velocities 
of the oxidation of the higher paraffins are found to be 
negative (see article ‘Combustion Phenomena of Hydro- 
carbons’, p. 2860). 

On comparing curve no. 5 with nos. 1 and 3 it will be 
observed that the regions in which the mixtures are non- 
ignitible are far more extensive for mixtures containing 
excess of air than for those containing excess of com- 
bustible; thus with the 6-5% mixture, curve 1, they lie 
merely between 0-85 and 1 -29 atm. in contrast to the range 
1*9 to 4*6 atm. for the 1*7% mixture, curve 5. 

If oxygen be used as the supporter of combustion instead 
of air, curves of much the same type as those shown in 
Fig. 5 are obtained. The lower ignition regions, however, 
are now observed at much lower pressures than with air, 
so that at atmospheric pressure an ignition range is ob- 
served between c. 280 and 350° C. for mixtures of widely 
varying combustible/oxygen ratio; and above this range 
ignition is not possible until approximately 5(X)°C, has 
been reached. TTiis is in complete accord with the observa- 
tions of Dykstra and Edgar [12, 1934] with hexane in 
oxygen at atmospheric pressure in a concentric tube 
apparatus. 

The Influence of Anti-knocks. It is not within the pur- 
view of this article to deal with the posslible mechanisms 
of anti-knocks, yet in so far as in practice addition of an 
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anti-knock to a fuel enables its use at higher compression- 
ratios than would otherwise be possible, so if knock be 
related to temperature coefficients and ignition tempera- 
tures a corresponding inhibiting influence should be ob- 
servable. Actually the matter has been studied by a number 
of investigators, and almost invariably the rate of oxidation 
of the hydrocarbon concerned has been found to be appre- 
ciably retarded by anti-knocks; as regards ignition tem- 
peratures, the following figures were determined by Egerton 



Higher Range 

Lower Range 

Initial pressure (atm.) 

I 

li 

U 

li 

li 

2 

3 

5 

Normal ignition tempera- ' 

1 548 

535 

512 


338 

298 

292 

288 

ture 

1 








Ignition temperature on 

574 

553 

538 

509 


343 

298 

293 

addition of 0’05 % PbEt. 









Rise.°C. . . . 

26 

18 

26 

171 


45 

6 

5 


The effect may perhaps be better understood by further 
reference to Fig. 5 in which curves 2, 4, and 6 relate to 



Fig. 5. Percentage mixtures for the curves: 1 = 6-5, 3 = 2-7, 5 = 1-8. The mixtures for curves 2, 4, and 6 were 
the same as those of 1, 3, 5, but with the addition of 0 05% Pb (CzHj)*. 

{Reproduced by permission from the * Proceedings of the Royal Society\ 146, 116 (1934).) 


and Gates [13, 14, 1927] using the oil-drop method, who 
followed up the experiments of Weerman [51, 1927]: 


Hydrocarbon 

Ignition 

temperature 

^C. 

Rise in J.T. on 
addition of 0 025 % 
by volume of 
PbEt^ 

^C. 

Pentane . 

515 

75 

Iso-hexane 

525 

46 

Heptane . 

430 

83 

Benzene 

(690) 

18 

Petrol (Shell) . 

460 

82 


When it was discovered by Townend and Mandlekar that 
at a critical pressure the ignition temperature was lowered 
some 150-200° C. from a higher system to a lower one, it 
was at once appreciated that the presence of an anti-knock 
might tend to counteract the lowering effect; this assump- 
tion proved to be correct, as the following figures for a 
2*4% pentane-air mixture show: 


6'5, 2-7, and 1 -8 % hexane-air mixtures to which 0 05 % lead 
tetraethyl had been previously admixed. These curves do 
not maintain uniformly the precise contour of those of the 
undoped mixtures, but they reveal among themselves com- 
mon features when compared with the latter, namely, (1) a 
general though not invariable increase in ignition tempera- 
ture over the whole pressure range, and (2) the necessity 
with the presence of lead tetraethyl for a higher pressure to 
effect ignition in the lower group. This higher pressure has 
the effect of raising the ignition temperatures over a narrow 
pressure range (as shown by the vertical arrows) by about 
175° C. for weak mixtures and about 230° C. for rich 
mixtures. 

Cool Flames. An early observation in the investigation 
was that within certain limits of temperature and pressure 
a small pressure pulse was observable which was not com- 
parable in intensity with the pressure developed on ignition. 
On fitting quartz windows to the apparatus the phenome- 
non was found to synchronize with the passage of a slow- 
moving bluish flame and the production of a considerable 
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formation of intermediate products strongly aldehydic in 
character; it was quickly recognized as the so-called ‘cool 
flame* first observed by W. H. Perkin, sen. [33, 1882] and 
studied during the last few years by a number of workers, 
notably H. J. Emeleus [15, 1926 and 1929], A. G. White 
[48, 1922], M. Prettre [36, 1932], and Beatty and Edgar 
[1, 1934; 35, 1929] (see also article ‘Combustion Pheno- 
mena of Hydrocarbons’, p. 2860). 


paraffin hydrocarbons ‘premiere inflammations* were ob- 
servable only within restricted temperature ranges in his 
experiments usually below 3(X)° C., above which ignition 
was not possible until much higher temperatures had been 
reached. Similar observations have also been made by 
Coffey and Birchall [3, 1934], by Beatty and Edgar [1, 1934], 
and others. It is also important to note that apparent 
disagreement in the literature has sometimes arisen on 



{Reproduced by permission from the 'Proceedings of the Royal Society', 146 , 118 ( 1934 ).) 


The extent of the phenomenon in hexane-air mixtures 
may be illustrated by reference to Fig. 6, which relates to 
two mixtures, /f, 31 % mixture, and B, 1-8% mixture. The 
temperature and pressure limits within which it could be 
observed are illustrated by the diagonally shaded areas. 
Thus, with the 3*1% mixture, A, cool flames were first 
observed at 280° C. and at pressures between about 1 -2 and 
14 atm. Increase of pressure above 14 atm. resulted in 
true ignition as defined by the shaded boundary curve. 
Raising the initial temperature widened the lower pressure 
limit for cool flames to 0-6 atm. and progressively decreased 
the time lags until at 390° C. they became very short and 
the pressure pulses much less intense; at higher tempera- 
tures the phenomenon was no longer observable. With 
a 1*8% mixture, B, which contained an excess of air, the 
observations were much the same with the exception that 
cool flames did not occur at pressures below 0*7 atm., and 
the temperature range was now restricted to between about 
290 and 380° C. Also, with the weaker mixture the cool 
flames were very much fainter and at the higher tempera- 
tures were detectable by the pressure pulse alone. 

Fig. 6 also makes clear the relationship between the 
observations at atmospheric pressure of cool-flame tem- 
perature regions (usually 280-400° C.) and the true ignition 
temperatures (usually c. 500° C.). Thus Prettre [36, 1932], 
whose work covered many combustibles, employing a flow 
method at atmospheric pressure, ishowed that with the 


account of a lack of discrimination among observers 
between true ignition and cool flames. As an example, 
Thompson’s results [40, 1928] have to be considered in 
the light of his statement: ‘The ignition temperatures 
were determined always by the appearance of flame, 
whether the combustion was of explosive violence or not. 
Sometimes the flame is barely visible; therefore, it proved 
advantageous to darken the room so that the flames could 
be better observed’; obviously, therefore, some of his 
ignition temperatures pertain to cool flames and not to 
true ignition. 

Time Lags and Knock. As already mentioned, the igni- 
tion points determined in the pressure experiments are the 
lowest temperatures to which the vessel must be heated for 
ignition ultimately to occur, in which circumstances the lags 
may be not only appreciable but variable with experimental 
conditions. In Fig. 6 A the small figures along the ignition 
point and cool-flame curves relate to the observed time 
lags; these are seen to depend mainly on temperature. 
Thus as 2 atm. pressure, ignition point 274° C., the lag 
was 33 sec.; this decreased markedly as the temperature 
was raised, being 15 sec. at B (I.P. 285° C.) and approxi- 
mately 1 sec. at A (I.P. 374° C.^ This short lag remained 
constant until a temperature of approximately 420° C. had 
been reached; thereafter it increased progressively, being 
4 sec. in the higher group at the critical transition pressure 
(C). These lags varied little with the mixture composition, 
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tending generally to be shorter with mixtures containing 
an excess of air. There was a marked shortening of the 
lags, however, as the paraffin series was ascended, as the 
following figures for corresponding points (as in Fig. 6, 
A, By C) on the curves show: 


(2) Mixtures containing excess of combustible over wide 
ranges of composition are known to knock more easily 
than those with an excess of air; correspondingly much less 
pressure is necessary to transfer to the lower temperature 
system the ignition points of these mixtures than those of 


Hydrocarbon 

Time lags (sec.) at 

A 

B 

C 

Butane . 

2 

25 

6 to 8 

Pentane 

1-4 

15 

4 to 6 

Hexane 

(approx.) 1 

15 

3 to 6 

Octane . 

< 1 

2 

4 to 6 


mixtures with an excess of air. 

(3) The higher members of the paraffin hydrocarbons 
give rise to knock with less compression than do the lower 
ones. And the following are the critical transition pressures 
(atmospheres) for corresponding mixtures with air of the 
following hydrocarbons: ethane 14, propane 3 to 4, butane 
I J, pentane U, hexane 1. Also, just as straight-chained 

paraffins are worse knock- 



PRESSURE IN atmospheres 

Fig. 7. 


ing fuels than the corre- 
sponding side-chain iso- 
mers, so the latter require 
higher critical transition 
pressures, for example, 
butane IJ, /ju-butane 3 to 
4. In Fig. 7 the ignition 
point curve for a 4-7% 
/5o-octane (2,2,4-trimethyl 
pentane) air mixture is 
shown, and may be com- 
pared with the curves for 
the hexane-air mixtures 
(Fig. 6, A and B). 

The naphthenes which 
knock less readily than the 
paraffins bear the same 


relationship, for example. 


In considering the results in the light of their possible 
application to internal combustion engines where the time 
lag permissible would not exceed 0 005 sec. (say), the main 
interest attaches to {a) that portion of the curve exhibiting 
the shortest time lag and (b) the probable pressure condi- 
tions under which such short lags would be reduced to 
those corresponding with engine conditions. Actually, the 
portion of the curve (/I, Fig. 6) having the shortest lag lies 
immediately above the point A (at about 350° C.). By 
increasing the pressure at temperatures below 350° C. igni- 
tion was found to occur with reduced time lag, and the 


hexane 1, cyclohexane 1-5. And while the olefines do not 
exhibit the type of ignition-point curves characteristic of the 
paraffins (Figs. 5 and 6), increase of pressure causes a rapid 
fall in ignition temperature, so that if the pressure requisite 
for ignition at 350° C. (say) be employed as a criterion 
corresponding with the critical transition pressures observed 
with the paraffins, &c., the behaviour of olefines, naph- 
thenes, and paraffins all fall into the same order as do their 
knock ratings. While the establishment of such a relation- 
ship between knock ratings and the corresponding critical 
ignition pressures needs no further elaboration, it remains 


boundary of the vertically shaded area is approximately 
the ignition-point curve for ignition with minimum lag. It 
seems probable that for ignition to occur within 0 005 sec. 
much higher pressures still would have to be employed, 
and a pressure shift somewhat as indicated by the hori- 
zontal arrow is visualized; these pressures would then 
approximate to the H.U.C.R.s observed in engine prac- 
tice. Indeed, it may now be foreseen that much light will 
be thrown on many of the problems connected with both 
knock and also Diesel engines by the further exploration 
of the influence of progressive increase of pressure on lag 
periods prior to spontaneous ignition over wide tempera- 
ture ranges, a programme of investigation which, when 
extremely short lags are considered, will call for the de- 
velopment of special technique. 

As far as the work under review has proceeded, however, 
the critical transition pressures as determined in the manner 
described have exhibited an almost unfailing correspon- 
dence with knock ratings for like fuels, as found by engine 
tests. This correspondence may best be summarized as 
follows: 

(1) The fall in i^ition point at a critical transition pres- 
sure corresponds with the incidence of knock in an engine 
on the attainment of a definite compression ratio. 


to state that the ignition points of mixtures with air of 
non-knocking fuels such as benzene and methane have 
never been found to descend at all to the lower ignition 
system (i.e. below 400-450° C.) even at pressures up to 
20-25 atm. 

(4) The influence of an anti-knock in practice is to enable 
the compression to be raised before knock occurs; the 
increase in compression, however, is strictly limited. In 
the pressure experiments an anti-knock was found to raise 
the ignition point from the lower to the higher system only 
over a small pressure range; at higher pressures the ignition 
point remains in the lower system almost unaltered. 

(5) In certain instances raising the working temperature 
has been found actually to suppress knock. Correspond- 
ingly, temperature ranges have been found in which ignition 
docs not occur, although at lower temperatures it may do so. 

The researches of Tizard and Pye [41, 1921-6] and of 
Townend and co-workers [44-6, 1934] may now be con- 
sidered as complementary, for it is seen that the incidence 
of knock depends upon conditions both of adequate tem- 
perature and of adequate pressure. Thus, if circumstances 
allow of an adequate compression temperature, knock will 
be induced when an adequate compression ratio is em- 
ployed; alternatively, if an engine be already operating with 
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a sufficiently high compression ratio, knock will occur if a 
sufficiently high (but maybe not too high) temperature is 
reached. Finally, it is clear that knock depends upon 
conditions of adequate chemical reactivity in the unbumt 
explosive medium; but the precise mechanism of the pheno- 
menon has yet to be established. There is little doubt, 
however, that compression waves play an equally important 
part (see article by R. P. Fraser on ‘Flame Movement’, 
&c., p. 2983), and it may be that knock can be regarded as 
a pseudo-detonation, less violent than true detonation 
(q.v.), in which an explosion wave may be propagated 
through a medium in an enhanced state of chemical re- 
activity and in which part of the chemical energy has 
already been expended. 

The Mechanism of Ignition under Pressure. So far we 
have dealt with the nature of ignition phenomena under 
pressure of higher paraffin hydrocarbon, &c. — air media 
and their relationship with knock problems — without re- 
ferring to the possible mechanisms of the chemical pro- 
cesses giving rise to them. And while we now propose 
briefly to give an outline of this aspect of the subject, it 
must be emphasized that much further investigation is 
needed before a full understanding of it can be reached; 
in particular, it is important to arrive at a true solution of 
the chemical mechanisms of (a) cool flames, and (b) the 
two distinct ignition systems, viz. that at high temperatures 
occurring at low pressures, and that in the cool flame 
temperature range with higher pressures. 

According to Bone’s hydroxylation view the oxidation 
of a complex paraffin hydrocarbon would be expected to 
proceed somewhat as follows (see also ‘ Combustion Pheno- 
mena of Hydrocarbons’, p. 2860): 


A striking feature of recent work on the oxidation of the 
paraffins over wide temperature ranges (Edgar [1, 1934; 
35, 1929]; Prettre [36, 1932]; Townend [45, 1933^]) is that 
over the range c. 240-380^ C., although at first aldehydes 
constitute the principal products and their rate of produc- 
tion increases with rise of temperature, a temperature of 
optimum concentration is found above which they be- 
come less prominent and ultimately are detected only in 
negligible quantities. Over the same temperature range, but 
not above it, cool flames are observed ; at higher tempera- 
tures the oxidation first slows down and does not again 
become rapid until temperatures of about 450-500° C. 
have been reached. 

The tentative view advanced by Townend and co-workers 
in regard to their pressure-ignition experiments is that the 
aldehydes produced during slow combustion arc relatively 
unstable, there being a strong tendency to break down into 
carbon monoxide and the corresponding lower paraffins; 
and at initial temperatures above about 380° C. their exist- 
ence (except perhaps with formaldehyde) is probably tran- 
sient. The reaction velocity may be controlled therefore 
by the relative probabilities of (a) the further oxidation of 
aldehydes to acids, &c., and (h) the breakdown of alde- 
hydes to carbon monoxide and corresponding paraffins, 
in which event the reaction would be arrested unless the 
temperature be adequate to permit the rapid oxidation of 
the breakdown products. This explanation accounts well 
for the two ignition-temperature systems; for the higher 
one probably pertains to the thermal decomponents of 
intermedially formed bodies known not to ignite below 
c, 500° C., and the lower ignition system would be estab- 
lished when pressure conditions allow of an adequate 
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The life of intermediate compounds so formed depends 
upon temperature, pressure, mixture composition, and 
catalytic influences, effects which by the work of Newitt 
and collaborators [30, 1932-3] on the pressure oxidation 
of methane, ethane, &c., have been demonstrated to be 
operative. And not until recentlv has it been appreciated 
that the velocity of combustion of a complex combustible 
cannot be considered independently of the behaviour under 
the experimental conditions of the products to which it 
gives rise. 
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6. SPONTANEOUS IGNITION TEMPERATURES: DETERMINATION 

AND SIGNIFICANCE 


By Wing-Commander W, HELMORE, Ph.D., M.Sc., F.C.S., M.Inst.PT., A.F.R.Ae.S. 

Engineering Laboratory, Cambridge University, England 


The increasing use of liquid fuels for both internal and 
external combustion has directed attention to a more 
intimate study of their combustion as influenced by chemi- 
cal and physical characteristics. Among the many in- 
vestigations which have been made, those concerning the 
so-called Spontaneous Ignition Temperatures or Auto- 
ignition Temperatures seem to possess those essentials 
necessary to shed additional light upon the mechanism of 
combustion, the internal structure of fuels, and the effect 
of chemical structure upon combustion characteristics. 

The spontaneous ignition temperature of a liquid fuel 
may be broadly defined as the lowest temperature at which 
the fuel will ignite after a certain delay without the applica- 
tion of any artificial means of ignition. Either air or oxygen 
may be used as the supporter of combustion. When any 
combustible mixture is heated, the rate of oxidation 
increases until a stage is reached when the rate of gain of 
heat of a volume element of the vapour — due to exothermic 
oxidation reactions — balances the rate of loss of heat due 
to radiation and conduction to the surroundings. The 
‘ignition-point’ of that volume element of the mixture is 
the temperature at which a heat balance is reached. If the 
temperature is exceeded, the reaction rapidly accelerates 
until the products are raised to a temperature such that 
an appreciable amount of energy is emitted in the visible 
regions of the spectrum. The vapour then inflames. 

It was recognized in 1907 that there is no relation between 
the flash-point or burning-point of a liquid fuel and its 
ability to ignite spontaneously inside an engine cylinder, 
a characteristic or property depending primarily on its 
chemical character. 

The earliest available determinations of spontaneous 
ignition temperatures were made by Holm [8] in 1913. By 
allowing drops of liquids to fall upon a heated porcelain 
surface, the temperature of which was measured by a 
thermocouple, the ignition temperatures (in air at normal 
pressure) of a number of common liquid fuels were deter- 
mined. Holm found, in general, that simplicity of molecular 
structure is associated with high ignition temperatures, and 
also that the spontaneous ignition temperature is depen- 
dent upon the heat of decomposition and activity of free 
valences at the moment of splitting apart or rearrangement. 
The value of such determinations as a means of testing fuels 
for their suitability in engines was pointed out by Constam 
and Schlaepfer [3, 1913], who allowed drops of liquid fuels 
to fall into a platinum crucible in a gas-heated sand-bath. 
Holm came to the conclusion that the spontaneous ignition 
temperature was a valuable addition to the knowledge of 
the suitability of fuel oils for Diesel engines, but Constam 
and Schlaepfer did not share this opinion. They merely 
considered the results as an indication that at atmospheric 
pressure and in an open dish one could observe differences 
which various grades of fuel oil would show as a result of 
their chemical character, and not necessarily when igniting 
in a Diesel engine operating at much higher pressures. 


At a somewhat later date, H. Moore [12, 1917, 1920] 
developed a form of spontaneous ignition temperature 
apparatus while engaged in a study of Diesel fuels. The 
apparatus employed consisted of a platinum crucible em- 
bedded in a steel block heated by a gas burner. Dry pre- 
heated air or oxygen was delivered at a constant rate to the 
crucible, the preheating being accomplished by a small 
coil in the steel block, through which the air or oxygen 
passed. This type of apparatus has been used extensively 
by subsequent workers — although various modifications 
have been made. By means of this apparatus Moore deter- 
mined the spontaneous ignition temperatures of a number 
of substances, and from these temperatures estimated their 
suitability for use in the Diesel engine. The work of Moore 
was the first positive attempt to correlate ignition tempera- 
tures and engine behaviour, and the following conclusions 
were arrived at: 

{a) Simple molecules have higher spontaneous ignition 
temperatures than similar compounds containing 
more complex molecules. 

{b) Aromatics have higher spontaneous ignition tempera- 
tures than aliphatic hydrocarbons. 

(c) Unsaturateds have lower spontaneous ignition 
temperatures than the corresponding saturated 
hydrocarbons. 

(d) Ignition temperatures in air are higher than those in 
oxygen. 

(e) Fuels for use in spark-ignition engines should have 
ignition temperatures as high as possible, and fuels 
for compression-ignition (i.e. Diesel) engines should 
have low ignition temperatures. 

Tausz and Schulte [18, 1924] used a modification of 
Moore’s apparatus and obtained valuable data on many 
pure compounds and common fuels — both in air and in 
oxygen, at both normal and increased pressures. Increase 
in pressure was, in general, found to lower the spontaneous 
ignition temperature, an observation agreeing with theory, 
as at elevated pressures the frequency of collision of the 
various molecules concerned is increased. 

Early in 1924 Ormandy and Craven [15] described 
the results of experiments with a Moore ignition meter 
which had for their object an inquiry into the effect of 
‘anti-detonating’ compounds on the spontaneous ignition 
temperature of fuels. These investigators found that such 
substances had little effect on the S.I.T. of pure /i-heptane 
in oxygen. Two years later they determined the S.I.T.s 
of a number of pure compounds in oxygen in the same 
apparatus [16, 1926]. After the discovery of the valuable 
anti-knock properties of tetraethyl lead, a series of in- 
vestigations on the theory of anti-detonants was published 
in which the significance of spontaneous ignition tem- 
peratures was thoroughly examined. The Moore S.I.T. 
apparatus has remained in vogue until the present day and 
is widely used. 
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Apparatus employed for the Determination of Sponta- 
neous Ignition Temperatures and Effect of 
Operating Variables 

The most important methods which have been employed 
for the determination of ignition temperatures are as 
follows: 

1 . Crucible methods — static and dynamic. 

2. Dynamic tube methods. 

3. Bomb methods. 

4. Methods of adiabatic compression. 

Of these the crucible methods are by far the most popular. 

Crucible Methods. 

As already mentioned, the Moore type of crucible is 
almost universally employed, a diagram of which, in a 
slightly modified form, is shown in Fig. 1. 



Fig. 1. Moore type spontaneous ignition temperature apparatus. 

Moore originally employed a block of steel or cast iron, 
100 mm. diameter and 75 mm. deep, the base of which was 
cut into deep grooves in order to present greater heating 
surface to a gas-burner flame by which it was heated. The 
top of the block contained a recess machined to accom- 
modate a crucible 26 mm. diameter and 22 mm. deep, 
covered by a steel plate provided with two holes, one for 
the oxygen or air inlet and the other for the admission of 
the substance to be tested. The oxygen or air was passed 
from a container through holes drilled in the casting before 
entering the crucible and was thereby preheated to the 
temperature of the block. Temperature measurements 
were made by thermocouple. The procedure adopted in 
the determination of spontaneous ignition temperatures 
was as follows: When the temperature of the steel block 
became constant, one drop of the liquid substance under 
examination was allowed to fall on the bottom of the 
crucible by passing through a hole in the centre of the cover. 
The occurrence of an explosion or flame indicated that the 
temperature of the apparatus was above the S.I.T. of the 


substance tested and tests at lower temperatures were made. 
The S.I.T. of the substance was taken as the lowest 
ternperature at which the substance ignited after an in- 
definite ‘delay’. Moore also showed that the delay between 
introduction of a liquid fuel into the crucible and its ignition 
varied according to the temperature-high temperatures 
giving short-delay periods and vice versa. No special 
apparatus was employed for the measurement of delay 
periods— a simple stopwatch being employed. Typical 
temperature-delay period curves for various Diesel fuels, 
determined in a Moore type apparatus, are shown in Fig. 2. 



Among the many users of the Moore apparatus the 
following have made slight modifications giving greater 
accuracy or ease of operation. Ormandy and Craven [15, 
1924], Weerman [21, 1927], Masson and Hamilton [11, 
1927], Wiczevich, Whiteley, and Turner [24, 1935], and 
Nash and Howes [13]. 

Krupp Ignition Meter. 

The Krupp apparatus consists of an electrically heated 
crucible suitable for the determination of S.I.T.s up to 
1,300^ C. The ignition block is of Krupp’s rustless steel 
provided with a conical-shaped cavity which eliminates 
lining materials, and the ignition space is uniformly heated. 
The oxygen or air supply is fed into the bottom of the 
ignition space. 

Jentzsch Ignition Meter. 

This apparatus is also of the crucible type, the crucible 
being of stainless steel situated in an electric furnace and 
divided into four symmetrically placed pockets of equal 
size. One of the chambers acts as a thermometer pocket, 
while the remaining three are used as ignition chambers, 
each being fed with oxygen from a central channel. In this 
apparatus the S.I.T. is taken as the lowest temperature at 
which self-ignition occurs in the presence of a rich oxygen 
stream, and means are provided for measuring the oxygen 
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rate employed. A criterion of fuel quality, called the 
Ignition ValuCy is given by 

Z = — — 

where Z = ignition value, 

t ~ ignition temperature, 
b == number of oxygen bubbles per minute. 

Jentzsch ascertained that the tendency to ignite is greatly 
influenced by the oxygen flow rate employed. 

American Society of Testing Materials Standard Test 
for the Determination of Spontaneous Ignition 
Temperatures 

In 1930 a standard test was adopted for the measurement 
of ignition temperatures, A.S.T.M. Designation D. 286- 
30. This employs a glass conical flask (160-ml. capacity) 
heated in a solder bath over a gas flame. The quantity of 
liquid fuel added is variable, and the S.I.T. of the fuel is 
defined as the lowest temperature at which ignition occurs. 
Stagnant air is employed in the glass flask — no air stream 
being employed. 

The Royal Aircraft Establishment (Famborough) 
Spontaneous Ignition Temperature Apparatus 

This apparatus, which may be described as belonging to 
the dynamic crucible type, was developed at the Royal 
Aircraft Establishment, Famborough, and is generally 
known as the R.A.E. apparatus. It embodies many novel 
features and was specially developed for use in the testing 
of Diesel oils. It constitutes an attempt to simulate actual 
engine conditions in a simple apparatus operating at atmo- 
spheric pressure. Care has been taken to avoid contact 
between the fuel and metallic surfaces at a higher tempera- 
ture than the air in the apparatus, because with regard to 
ease of starting in an engine, the walls of the combustion 
chamber are necessarily relatively cold in these circum- 
stances and, unless a heated hot-spot is employed, ignition 
must take place in the air only. Under running conditions, 
of course, surface effect will be present in certain, if not 
most, engines, but any fuel which will ignite on emergence 
from the jet without ignition delay will ignite in air before 
it has time to travel across the combustion chamber to any 
heated surface. 

The apparatus consists of {a) an electrically heated 
explosion vessel ; (6) a fuel-injection system ; (c) an injection- 
timing mechanism; {d) an explosion-timing mechanism; 
(e) and electrical recording mechanism for measuring the 
ignition delay; and (/) a thermocouple pocket for indicating 
the temperature of the air in the explosion vessel. The 
explosion vessel consists of a wrought-iron cylinder 6 in. 
diameter and 18 in. long, the sides of which are electrically 
heated by a resistance winding ana suitably lagged and 
covered. The top end of the cylinder is formed of layers of 
steel and asbestos and carries the fuel-injection valve, 
thermocouple, a vent, and an air tube, and also a connexion 
for the explosion-time recorder. The fuel-injection valve 
(a standard Bosch Diesel engine unit) and explosion vessel 
are so arranged to give a spray having a cone angle less 
than the cone angle subtended by the perimeter of the 
bottom end of the vessel with the point of entry of the fuel 
into the vessel. This is necessary to ensure that the spray 
does not strike the heated sides of the vessel. The bottom 
end of the cylinder is of inverted conical shape, unlagged, 
and separated from the body part by a joint-ring of asbestos. 


This is necessary to ensure that any fuel from the jet which 
may impinge on the bottont does so on a relatively cool 
surface. The bottom end has a drain connexion to a 
vacuum pump or equivalent means for scavenging the 
vessel after each explosion. The air inlet is arranged 
tangentially to obtain a scavenging or circulating action 
and contact with the thermometric device. 

The fuel-injection system consists of a standard Bosch 
nozzle testing apparatus, the pump being of the plunger 
type in which a small quantity of the fuel is trapped in the 
cylinder and forced past a spring-loaded non-return valve. 
The pump is operated by a falling weight and lever ful- 
crumed on the pump base, which ensures that the rate of 
injection of the charge is constant for each test. 

Fig. 3 shows a photograph of the complete apparatus. 

Method of Operation. 

The temperature of the vessel having been raised to the 
highest temperature which it is desired to investigate, the 
current is cut off and sufficient time allowed for tempera- 
ture conditions to become stable. A charge of cold air is 
then drawn into the vcsj»el by means of a vacuum pump, 
the scavenging and circulation of the air being assisted by 
means of the tangentially offset induction port. Sufficient 
time is then allowed to elapse for the air temperature 
(indicated by the thermocouple) to reach a maximum and 
commence to fall off. The fuel is then injected by means 
of the retractable fuel injector nozzle, the time of injection 
and of the subsequent explosion being recorded electrically. 
The temperature and the time lag are thus measured, and 
tests are then carried out at lower temperatures. Between 
each test the products of combustion are drawn away and 
a fresh charge of air introduced. A series of readings are 
taken at 20-30® C. intervals until finally, at the lowest 
temperature, no explosion occurs after an indefinite delay. 

This apparatus was used extensively by its originators in 
research on substances which reduce the ignition delay of 
Diesel fuels, and gave results which agreed to a reasonable 
extent with engine behaviour. However, it possesses the dis- 
advantage, in common with all other types of spontaneous 
ignition meters, of not differentiating, to a sufficiently wide 
extent, between oils of closely similar values. A detailed 
description of the R.A.E. apparatus has been given by 
Foord [7, 1932], 

Dynamic Tube Methods of Determining Spontaneous 
Ignition Temperatures 

As the name implies, these methods consist of passing 
through heated tubes mixtures of air or oxygen with the 
substance being examined— the latter usually being in the 
gaseous phase — the temperature being raised until explo- 
sion occurs. Such methods permit of exact variation in the 
composition of the combustible mixture. Dixon [4, 1909] 
was among the first to use such a method, and Dykstra and 
Edgar [5, 1934] have recently examined the variables 
involved. 

Bomb Methods for the Determination of Spontaneous 
Ignition Temperatures 

Methods in which the ignition temperatures of fuels have 
been measured at elevated pressures in bombs have been 
used by Neumann [14, 1926], Tausz and Schulte [18, 1924], 
and Bridgeman and Marvin [1, 1928], but have not proved 
popular. The last-named investigators used a reaction 
vessel similar in shape and volume to a Liberty Aero engine 
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increase in air-fuel ratio — ^generally causes a decrease in 
S.I.T. On the other hand, the above-mentioned work of 
Dykstra and Edgar [5, 1934] shows that in the lower ignition 
zone an increase in air-fuel ratio increases the ignition 
temperature. 

Time Lag before Ignition. 

This is one of the most important variables, since during 
this time interval thermal decomposition, synthesis of new 
compounds, and oxidation of the original fuel and the 
resultant products may occur. It is common practice to 
record as the spontaneous ignition temperature of a sub- 
stance the lowest temperature at which ignition will occur 
— irrespective of time lag. This procedure is not recom- 
mended. In any S.I.T. determination the figures relating 
to ignition temperature and time lag should be recorded — 
in other words, the whole temperature-time lag curve should 
be given rather than the single temperature-point at in- 
definite delay time. It is not uncommon to find two sub- 
stances of which a has a lower ignition temperature than b 
at one time lag, and a higher ignition temperature than b 
at another time lag. 

Pressure. 

Increasing pressure in general appears to lower the igni- 
tion temperature, but the effect of pressure on different 
fuels is so variable that no conclusions can be drawn as to 
the order of the ignition temperatures of a series of fuels 
under pressure from values at atmospheric pressure. It has 
been noted by several observers that the drop in ignition 
temperature with increasing pressure is not progressive, and 
that a sudden drop is obtained when some definite critical 
value of pressure is attained. In the case of butane-air 
mixtures there is, according to Newitt and Townend, a 
definite critical transition pressure at which the ignition- 
point is lowered suddenly by about 1 30^ C. For all mixtures 
containing more than 3-5% butane (the theoretical mixture 
containing 31 %) this occurs at I -75 atm. ; in all other cases 
a higher pressure is necessary, increasing as the butane 
content decreases. 

The Spontaneous Ignition Temperatures of Pure Com- 
pounds and the Effect of Chemical Composition. 

As already mentioned, there is little agreement shown 
in the literature for the spontaneous ignition temperatures 
of pure compounds, because of the wide variety of test 
methods employed and because far too little attention has 
been given to the effect of variables. On the other hand, 
the data available allow definite conclusions to be drawn 
regarding the effect of chemical composition upon ignition- 
points, and in particular has demonstrated that substances 
which are resistant to knocking in spark-ignition engines 
have high ignition temperatures, whereas those resistant to 
knocking in compression-ignition engines have low ignition 
temperatures. 

The following conclusions may be arrived at: 

1. The open-chain paraffin hydrocarbons have low 
ignition temperatures, the temperature decreasing 
with rise in molecular weight of the hydrocarbons. 

2. The branched-chain paraffins — especially those of 
short open-chain length — have much higher ignition 
temperatures than the corresponding normal paraffins. 

3. The olefines have variable ignition temperatures, but 
are often higher than those of the corresponding 
paraffins. 


4. Naphthenes have, in general, higher ignition tempera- 
tures than those of /?-paraffins and olefines containing 
the same number of carbon atoms. 

5. The aromatic hydrocarbons have much higher igni- 
tion temperatures than other hydrocarbons, with the 
exception of branched-chain paraffin hydrocarbons 
such as 2,2,4-trimethyl pentane. 

6. Alcohols possess higher ignition temperatures than 
the corresponding hydrocarbons — e.g. propylalcohol 
and propane, hexylalcohol and hexane, cyclohexanol 
and cyclohexane, phenol and benzene. 

7. Aldehydes have much lower ignition temperatures 
than the corresponding hydrocarbons. 

8. The introduction of bromine or chlorine atoms or 
nitro groups into the molecules of hydrocarbons leads, 
in general, to a reduction in ignition temperature; but, 
on the other hand, the introduction of amino groups 
causes a marked increase in ignition temperature. 

These conclusions are in strict agreement with the results 
of tests in spark-ignition engines, in which open-chain 
paraffin hydrocarbons have considerable tendency to knock, 
whereas aromatics arc resistant to knock. Moreover, 
amines are effective anti-knocks in such engines, whereas 
nitro compounds and aldehydes are knock inducers. 

Typical values for the spontaneous ignition temperatures 
of various pure compounds are listed in the following table, 
in which all values relate to the simple Moore type appa- 
ratus, and are the lowest temperatures at which ignition 
occurred — irrespective of ignition delay. 


Spontaneous Ignition Temperatures of Pure Compounds 
Moore Type Apparatus. (Typical values) 


1 

In air, ‘C. | 

In oxygen, ®C. 

Hydrocarbons: 1 



/i“Pentane . . . ' 

579 

292 

/i-Hcxanc . . . . I 

520 

286 

//"Heptane . . . . ! 

451 

284 

//-Octane . . . . 1 

458 


Iso-octane 

561 


Iso-dodecanc . . i 

564 


Benzene . . . , | 

656 

639 

Toluene . . . | 

633 

582 

Cyclohexane 


296 

Naphthalene 


602 

Alcohols: 



Methanol .... 

574 

488 

Ethyl alcohol 

557 

329 

Iso-butyl alcohol . 

542 

326 

Cyclohexanol 


322 

Aldehydes: 

395 


Acetaldehyde 

191 

Miscellaneous: 



Dicthylethcr .... 

487 


Aniline .... 

620 


Nitrobenzene 

556 


</-Cresol .... 

599 


Chloroform .... 

above 1,000 


Ethyl bromide 

588 


Bromobenzene 

688 



The Effect of Knock Inducers and Knock Suppressors 
on Ignition Temperatures. 

Ever since the discovery of the remarkable efficacy of 
tetraethyl lead as an anti-knock dope for spark-ignition 
engine fuels (i.c. gasolines) numerous attempts have been 
made to determine the precise mode of action of this and 
similar materials. Among such attempts, determinations 
of spontaneous ignition temperatures have been prominent. 
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Ormandy and Craven [15, 1924] were among the early 
workers in this field, and these investigators reported that 
in oxygen ‘ the addition of anti-detonating agents does not 
affect the ignition temperature to anything like the extent 
of their effect in an engine’. Some of their results were as 
follows: 


Moore Apparatus — in Oxygen 


«-Hcptane (pure) 

S.I.T. 

- 245° C. 

Difference 

+ 1 % Xylidine 

J* 

261° C. 

Rise 16° C. 

+ 1 % p-Toluidine . 


259° C. 

„ 14° C. 

-1 1 % Methylanilinc 


251° C. 

„ 6° C. 

+ 0-25% Tetraethyl lead . 


231° C. 

Drop 14° C. 

+ 0-25% Tetramcthyl lead 


236° C. 

» 9° C. 


— the very contrary of what was to be expected. 

Weerman found, however, in the same type of apparatus, 
using air instead of oxygen, that the addition of tetra-c thyl 
lead and similar anti-knock compounds to gasolines in- 


creased their spontaneous ignition temperatures to a con- 
siderable extent, as shown in the following typical figures : 
Gasoline alone . . S.I.T. 335° C. Difference 

I 0-5 % Tetraethyl lead . „ 440° C. Rise 105° C. 

“M 0% .. „ . „ 465° C. „ 130°C. 

f 2-9% Iron carbonyl . „ 505° C. „ 170° C. 

+ 10% Selenium diethyl . „ 475° C. 140° C. 

Results obtained by Egerton and Gates and subsequent 
workers confirm those of Weerman. 

With regard to dopes for Diesel oils — i.e. substances 
which reduce the delay period between the moment of 
injection into the engine cylinder and the moment of 
ignition — the valuable properties of the alkyl nitrates 
and nitrites were first discovered at the Royal Aircraft 
Establishment, Farnborough, by ignition temperature 
determinations, and subsequent engine tests confirmoJ 
their efficacy. Fig. 4 shows the effect of small additions of 
ethyl nitrate to a petroleum gas oil upon the ignition 
temperatures and delay periods determined in a Moore type 
apparatus. 
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7. IGNITION AND FLAME MOVEMENT 

By G. B. MAXWELL, M.C., B.Sc., Ph.D., Anglo-Iranian Oil Company^ Ltd.y and R. V. WHEELER, D.Sc., 

Professor of Fuel Technology, University of Sheffield, 


PARTI. IGNITION 

The oxidation of inflammable substances by air or oxygen 
often proceeds at comparatively low temperatures, but, 
owing to the dissipation to the surroundings of any heat 
generated, the rate of reaction does not materially increase 
as the oxidation continues. If, however, the heat evolved 
is not dissipated sufficiently rapidly, or if a sufficiently 
intense external source of heat be supplied, the temperature 
of the substance and of the air or oxygen will rise to a point 
at which flame appears. 

The minimum value to which the temperature of a sub- 
stance must be raised in order that inflammation may 
ultimately occur and be self-propagating is usually defined 
as the ‘ignition-point’ of the substance under the condi- 
tions of experiment. It is evident that the value of the 
ignition-point must be influenced considerably by the ex- 
perimental conditions. Further, the value of the ignition- 
point as determined experimentally may be lower, often 
considerably lower, than the temperature at which inflam- 
mation finally occurs, the magnitude of the delay period 
before inflammation being* determined by the manner in 
which the reaction velocity accelerates. 

In the petroleum industry problems of ignition frequently 
arise. The most obvious problem is that of the ignition of 
the fuel in the internal combustion engine. This is by no 
means a simple problem, for there have to be considered 
not only the ignition by electric sparks of fairly homo- 
geneous vapour-air mixtures in the petrol engine, but spark 
ignition of fuel sprays in the Hesselman engine, the ignition 
partly by compression and partly by contact with uncooled 
surfaces in the hot- bulb semi-Diesel engine, and ignition 
mainly by the heat of compression in the Diesel engine. 

The ignition of inflammable dusts is a problem of safety 
with which such industries as coal-mining and flour-milling 
are concerned. Although the internal combustion engines 
were originally designed to run on coal dust, the practical 
difficulties proved too great and there does not seem to be 
any immediate likelihood of their being overcome. It is 
therefore not proposed to deal with the ignition of dusts 
in this article. Safety problems, however, are of para- 
mount interest to the petroleum industry. The ignition of 
vapour-air mixtures in tanks during welding, or by 
frictional sparks or static electric discharges, has led to 
disastrous fires in the past, and a better understanding of 
the factors controlling such ignition is desirable. 

Ignition problems can thus be studied from a number of 
different angles, whilst the results of experiments are likely 
to vary widely according to the viewpoint of the investi- 
gator and the nature of the apparatus and technique he 
employs. It is impossible, therefore, in a discussion of this 
nature, to give more than a qualitative description of the 
way in which various factors influence the ignition of gases 
and vapours. At the end of the article is given a short list 
of references. 

Ignition of Homogeneous Gaseous Mixtures with Air 
and Oxygen 

The ease of ignition and the ignition temperature of a 
gas-air mixture are determined by the following factors: 


(i) The position, intensity, and nature of the source of 
ignition. 

(ii) The chemical nature of the inflammable constituents 
and their amount relative to the concentration of 
oxygen available. 

(iii) The nature and amount of any inert diluent gases 
present. 

(iv) The presence or absence of substances which can 
catalyse the oxidation process. 

(v) The initial temperature and pressure of the mixture 
and its state of motion (i.e. turbulent or stagnant). 

The Source of Ignition. The ignition of a gas-air mixture 
can be effected in a variety of ways. An external source of 
heat such as a flame, hot wire, or heated surface may be 
brought in contact with the mixture; the inflammable con- 
stituents and the oxygen or air may be heated separately 
and then brought into contact; the mixture may be com- 
pressed rapidly and ignited by the heat of compression; 
frictional sparks may be produced or an electric discharge 
or arc may be passed in the mixture. 

The position of the igniting source may influence ignition 
in two ways. The principal eflect is on the limits of inflam- 
mability of the mixture, for with the source of ignition near 
the bottom of the vessel containing the mixture the limits 
are wider than when ignition is near the top. A secondary, 
indirect, effect arises from the possible damping action of 
any adjacent cold conducting surfaces. The intensity of the 
source of ignition is of moment particularly as regards 
electrical ignition, which will be discussed later. 

The Nature of the Mixture and its Composition. What- 
ever the mode of ignition and the technique used to deter- 
mine the ignition-points, provided comparisons are made 
under similar conditions, hydrocarbon gases and vapours 
tend to be rated in. the following order of increasing diffi- 
culty to ignite: normal paraffins, naphthenes, olefines and 
branched chain paraffins, or aromatics. 

In a given homologous series, ignition tends to become 
easier as the molecular weight increases, at all events when 
the normal representatives of each group of given molecular 
weight are compared. The branched chain compounds 
tend to have high ignition-points, the most symmetrical 
arrangement usually having the highest. 

Whilst the ignition-point falls as molecular weight rises, 
it should be noted that the limits of inflammability usually 
narrow, this being in accordance with the general observa- 
tion that the simpler the molecule of a combustible gas the 
wider are its limits of inflammability. 

The effect of the composition of a mixture on its ease of 
ignition is complicated, for it varies with the character and 
even the position of the source of ignition. 

When a transient igniting source, such as an electric 
spark, is considered, there are well-defined limits of com- 
position of mixture for each inflammable gas, outside of 
which no inflammation can occur. A very intense transient 
source of ignition, such as a powerful condenser discharge 
across a spark-gap, may cause a local ignition in mixtures 
outside the normal range of inflammability, but the flame 
so generated will not travel far from the region of the spark- 
gap. When, however, the heat supplied as the igniting 
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source is sustained, as when ignition is by a heated surface 
or by rapid compression, the more prolonged heating of 
the mixture before inflammation occurs may lead to ther- 
mal decomposition, giving rise to simpler molecules. Such 
products of decomposition usually have a wider range of 
inflammability than had the original gas. For this reason, 
when safety measures are being discussed, it would be un- 
wise to accept values for the limits of inflammability of 
a gas based on experiments carried out in a different 
manner and with a different mode of ignition from that 
which might arise in the circumstances under consideration. 

Within the normal limits of inflammability there is a 
marked difference in igniting power between transient and 
sustained sources of ignition. With spark ignition, electric 
or frictional, the most easily ignited mixture is usually not 
far removed in composition from that containing the 
theoretical amount of oxygen for complete combustion of 
the fuel. When, however, the ignition is cflected by a heated 
surface or by compression, the ease of ignition usually in- 
creases as the mixture strength is increased. Simple gases 
such as hydrogen, which cannot undergo thermal decom- 
position, form exceptions to this general rule. 

The Effect of Inert Diluents. The effect of the admixture 
of inert diluents with a given inflammable gas-air mixtuic 
is to reduce the oxygen concentration and to alter the 
thermal capacity and conductivity of the mixture. A reduc- 
tion in oxygen concentration narrows the limits of inflam- 
mability of the combustible gas, mainly by lowering the 
upper limit. The effect of a reduction in the oxygen content 
on the ignition-point will depend partly on the initial com- 
position of the mixture and partly on the mode of ignition, 
in general, the ‘damping’ effect of a given diluent is a direct 
function of its thermal capacity and conductivity, since 
these affect the temperature attained for a given liberation 
of heat and the rate of dissipation of heat at a given 
temperature. 

The Effect of Catalysts. The action of traces of such 
negative catalysts as phenols on the oxidation of organic 
substances led to the suggestion that the action of pro- and 
anti-knocks in the internal combustion engine was an allied 
phenomenon. A considerable amount of experimental 
work has therefore been carried out on the elfect of anti- 
knock compounds such as lead tetraethyl on the slow 
oxidation of fuels in a heated enclosure. The most reliable 
evidence indicates that such compounds decrease the tem- 
perature coefficient of the oxidation, so that their effect is 
most marked at the high temperatures in an engine cylinder, 
in which but a short time is available for the reaction to 
develop into ‘knock’. It is probable that the effect is due 
to the suppression of one or more possible side-reactions, 
such as, for example, the formation of organic peroxides 
as intermediate products. 

There is, also, evidence of the catalytic effect of solid 
surfaces in promoting the ignition of gaseous mixtures. 
For this reason, when the heated enclosure method (or 
modifications thereof) is used for the determination of 
ignition-points, the enclosure should be made of quartz, 
since quartz shows little or no catalytic effect as compared, 
for example, with certain metals. 

The Effect of Temperature and Pressure. As would be 
expected, the effect of any increase in the initial tempera- 
ture of a gaseous mixture is to widen the limits of inflam- 
mability when ignition is effected by a transient source. In 
addition, the lag period between the moment of contact 
with the igniting source and the moment of inflamma- 
tion is necessarily decreased. Ease of ignition is therefore 
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increased by a rise in the initial temperature of the 
mixture. 

The effect of increased initial pressure varies with the 
nature of the mixture and with the mode of ignition. Thus, 
with spark ignition of mixtures of air with hydrocarbon 
gases or vapours the range of inflammable mixtures is 
slightly extended as the initial pressure is raised. In general 
it appears that, with spark ignition, provided the arrange- 
ments allow of a spark passing in the denser medium, the 
ease of ignition will tend to increase slightly as the initial 
pressure is increased. When, however, ignition by means of 
heated surfaces is considered, there is usually found to be 
an optimum initial pressure for each inflammable gas at 
which the lowest ignition-point is obtained. 

An increase in the initial density of a gas-air mixture 
facilitates ignition by compression and reduces the critical 
compression ratio for ignition to occur. This effect is due 
to the enhanced reaction velocity antecedent to inflamma- 
tion (i.e. to a shorter delay period), so that heat losses are 
reduced. For this reason the more turbulent the mixture 
(and therefore the greater the opportunity for loss of heat) 
the greater the elfect of density changes is likely to be. 

The elfect of motion of the gas-air mixture usually is to 
make ignition more difficult, the turbulence tending to in- 
crease the rate of dissipation of heat. This is particularly 
noticeable with electric spark ignition, for which much 
more powerful sparks arc required when the mixtures are 
turbulent. Once ignition is effected, however, the subse- 
quent inflammation is more rapid. The limits of inflam- 
mability tend to be extended somewhat in turbulent 
mixtures. In ignition by compression, the critical compres- 
sion ratio for ignition tends to be raised by turbulence, 
owing to the increased heat losses, but the reverse may 
hold when any heated surface is available from which the 
mixture can abstract heat. 

Electrical Ignition 

Electrical ignition displays certain peculiarities that war- 
rant separate consideration, though no more than a brief 
outline of the subject is given here. There are three 
principal types of electrical ignition to consider: ignition 
by high-tension ‘jump’ sparks, by static discharges, and by 
low-tension transient arcs. 

Ignition by High-tension Mump’ Sparks. Ignition in the 
petrol engine fitted with coil or magneto is by a ‘jump’ 
spark. The actual mode of ignition by a jump spark is still 
not fully understood, evidence having been adduced both 
for a purely thermal effect of the spark and also for ioniza- 
tion due to electrical rather than to thermal effects. The 
jump spark can be resolved, by oscillographic means, for 
example, into two components, an initial ‘capacity com- 
ponent’, similar to a condenser discharge, followed by an 
‘inductance component’, similar to a transient low-tension 
arc. Ignition is mainly determined by the capacity com- 
ponent. ([Cf. Bradford, Finch, and Prior, /. Chern, Soc., 
230, 1933] Ed.) 

The ‘incendivity’ of a high-tension jump spark is mainly 
determined by the following factors: 

(i) The capacity of the gap circuit, including that of 
the secondary winding. This can be varied by varying the 
arrangement of the apparatus, but is independent of the 
magnitude of the primary current. 

(ii) The voltage at which the spark is generated. This 
depends on the shape and disposition of the sparking 
points, on the nature and condition of the gases between 
them, and on the rate of application of the voltage. This 
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last factor is influenced by the current in the primary cir- 
cuit, particularly when sharp-pointed electrodes are used 
to form the gap. 

It is possible, therefore, particularly between pointed 
electrodes, to alter the incendivity of the spark from a given 
coil across a given gap by altering the primary current. In 
such circumstances it is found that, for each mixture under 
standard conditions, there is a minimum primary' current 
for ignition to occur when the spark is passed. Similarly, 
there is a minimum width of spark-gap for ignition of a 
given mixture for each value of the primary current above 
its minimum value. It is thus possible to measure the 
relative ignitibilities of various mixtures either by deter- 
mining the minimum primary current for ignition with a 
given gap or by determining the minimum width of gap 
with a given primary current. The observations made pre- 
viously in this article on the effect of various factors on 
ignition by electric sparks have been based on experiments 
carried out in this manner. 

Ignition by Static Discharges (Frictional Electricity). The 
information available as regards ignition due to static dis- 
charges developed by friction is very meagre, though there 
is evidence that explosions and fires may have been caused 
in this way. The frictional effects between liquid streams 
and solid surfaces are capable, in certain circumstances, of 
developing sufficient potential to cause a flash-over, and 
the incendivity of the discharge is then determined by the 
same factors as determine the incendivity of the ‘jump’ 
spark, the most important factor being the capacity of the 
system. When pumping a liquid fuel from a delivery truck, 
therefore, the truck should be earthed. 

It is also possible to develop quite a high potential on 
the metal nozzle of a high-pressure gas-line when the line 
is of some insulating material. Sparks can then be drawn 
from the nozzle if an earthed conductor is approached to 
it, but the incendivity of the sparks is low unless an external 
capacity is coupled across the spark-gap. Attempts to 
ignite firedamp-air mixtures from compressed-air pipes in 
this manner failed under conditions resembling those of 
practice, except when much dust or drops of liquid accom- 
panied the compressed air. 

Ignition by Transient Low-tension Arcs. The total 
energy which must be dissipated to cause ignition of a 
given mixture by a transient low-tension arc is consider- 
ably higher than with a high-tension jump spark. This is 
in accord with the view that has been advanced that the 
initial ‘capacity component’ of a jump spark is mainly 
responsible for ignition, and can be explained by reason 
of differences in the rate of delivery of heat energy by the 
two types of sparks. It should be observed that the energy 
required in a transient arc to cause ignition is independent 
of the nature, direct or alternating, of the current in the 
circuit broken. 

Ignition by Frictional Sparks 

The ease of ignition by frictional sparks depends upon 
the nature and temperature of the solid particles forming 
the sparks, upon the space density of such particles, and 
upon their rate of travel through the inflammable mixture. 
Tlie greater the heat capacity and temperature of each 
spark, and the greater their concentration within a given 
volume of the inflammable mixture, the greater is the 
chance of that volume of mixture being raised to the in- 
flammation temperature. Since there is a delay period 
between the ignition-point and the inflammation-point, it 
is essential for inflammation that the time of contact of 


the sparks with a given volume of the mixture should be 
adequate. Ignition may not take place when a shower of 
brilliant sparks travels freely through an inflammable mix- 
ture, but some obstruction in the path of the shower may 
cause ignition by prolonging the time of contact. 

Ignition of Fuel Sprays or Mists in Contact with Air 

In the ignition of fuel sprays, it is necessary to consider 
ignition by the electric spark, as in the Hesselman engine 
and in certain types of small oil-fired domestic heaters for 
central-heating plants; ignition by a heated surface or by 
glow-plug; and ignition by compression. In many so-called 
compression-ignition engines a combination of the last two 
types of ignition occurs, whilst the hot- bulb semi-Diesel engine 
relies on the presence of uncooled surfaces for its running. 

The Ignition of Fuel Sprays by Electric Sparks. The 
ignition of fuel sprays by electric sparks does not appear 
to have been studied experimentally, and only observations 
from general experience are possible. In oil-heaters used 
for domestic purposes the spray, mixed with a current of 
air, is blown across a spark-gap where a train of sparks 
from an induction coil operated by a trembler is used for 
ignition. Fairly fine ‘atomization’ of the fuel is necessary 
to avoid quenching the sparks, but, owing to their intensity 
and continuity, a zone of high temperature is maintained 
in the path of the spray. 

In the ignition of a fuel spray by an electric spark in an 
engine there is considerable difficulty in raising a sufficient 
quantity of fuel and air to the requisite temperature. It is 
not practicable to use a prolonged train of sparks, because 
of the difficulty of timing, and the liability of a single spark 
to be quenched by the fuel spray is great. The necessity of 
a special type of sparking-plug in the Hesselman engine, 
and the sensitivity of this engine to rapid changes of load, 
illustrate this difficulty. There seems to be no necessity to 
postulate the vaporization of the fuel previous to ignition, 
either in this or in the compression-ignition engine. Pro- 
vided that the spark is hot and ‘fat’ enough to heat up 
a sufficient amount of oxygen, reaction will proceed readily 
enough at the surfaces of the liquid droplets. There is con- 
siderable evidence, from measurements of ignition delay in 
compression-ignition engines, that the volatility of a fuel, 
over a wide range, has no appreciable influence on the ease 
of ignition (cf. Article 18). 

Whereas for the ignition of homogeneous gas-air mix- 
tures there are well-defined limits of inflammability outside 
of which ignition and flame propagation will not take place, 
with fuel sprays only the nature of the igniting source, the 
temperature and pressure of the air, the distribution of 
the spray, and the degree of atomization determine ignition 
and inflammation. Whatever the amount of fuel injected 
into the hot compressed-air charge, those particles that 
come into contact with oxygen under the correct conditions 
will ignite; whether or no the ignition will propagate and 
the combustion approach completion is then entirely a 
matter of the size of the fuel droplets and their distribution 
with respect to the available oxygen. 

Ignition by Glow-plug or by Heated Surfaces. It is 
usually found necessary to fit electrically heated glow-plugs 
in the air-cell or precombustion-chamber type of a com- 
pression-ignition engine for starting from cold. This is to 
counter the chilling of the air charge which occurs partly 
in the throat or transfer passage and partly in the air cell 
during compression. The hot-bulb semi-Diesel engine is 
usually started by cartridge or by the heating of a starting- 
tube by a blow-lamp. The subsequent running of this type 
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of engine is, as its name implies, by the contact of the 
charge with uncooled metal surfaces. These are usually at 
a dull red heat during full-load operation. 

Experience with this type of engine indicates that the 
best operation, and the greatest freedom from coke forma- 
tion and exhaust smoke, are obtained when the design is 
such that the air is heated by the surfaces and the fuel 
sprayed into the heated air, rather than when the fuel is 
sprayed directly on to the hot surface (cf. Article 18 in this 
section). 

As in compression-ignition proper, the ignition-point 
and the delay on ignition between the injection of the fuel 
and the beginning of rapid combustion are both affected 
by the nature of the fuel, much as the nature of the fuel 
affects the ignition of homogeneous vapour-air mixtures. 
Thus, the aromatic fuels from asphaltic base crudes present 
greater difficulty of ignition and have longer ignition delays 
than are experienced with any other class of hydrocarbons. 

For a given amount of fuel injected, the relative con- 
centration of oxygen is proportional to the compression. 
Thus the compression has a marked effect on the ignition 
delay, and influences the starting of a compression-ignition 
engine to a more marked extent than does the compression 
in a spark-ignition engine. 

Similarly, the effect of inert diluents is marked, owing to 
the reduction in oxygen concentration. In a two-stroke 
compression-ignition engine excessive exhaust back-pres- 
sure is a well-known cause of poor performance, owing to 
the increased amount of inert residual gases in the cylinders 
at the end of the exhaust. 

The special features of ignition of fuel sprays or mists 
which have been examined experimentally with a view to 
determining their effect on ignition and combustion include 
the atomization of the spray, the volatility of the fuel, and 
the nature and degree of relative motion of the fuel and 
air charge. In closed-vessel experiments, carried out with 
no turbulence, or with very little as compared with engine 
conditions, there is evidence to show that the fineness of 
the spraying and the volatility of the fuel both directly 
affect the ease of ignition and the duration of the delay 
period. Under engine conditions of high turbulence and 
high fuel velocity, with the extremely small time periods 
available, the balance of the evidence seems to be against 
there being any appreciable effect on ease of ignition or 
ignition delay of either atomization or fuel volatility, or 
any direct effect of turbulence. Turbulence, by affecting 
the heat transfer between the air and the confining walls, 
has an indirect effect. 

Though the air temperature does not affect the ignition- 
point of a given fuel, it naturally has a direct influence on 
the ignition delay. Thus, in a compression-ignition engine, 
since the smoothness of running is a direct function of 
ignition delay, every effort is made to raise the air-charge 
temperature to the highest value possible before fuel injec- 
tion begins. The compression ratio must be as high as is 
consistent with the permissible weight and stiffness of the 
engine and, in such circumstances as obtain in the air-cell 
type of engine where the charge during compression is 
forced through a transfer passage, provision is usually 
made for some heat insulation of the walls of the passage; 
this tends to make the engine smoother in operation, 
particularly when running under varied loads such as in 
a vehicle. 

Just as with spark-ignition of a homogeneous vapour-air 
mixture in a petrol engine there are substances such as lead 
tetraethyl or amyl nitrite which, in minute concentration, 
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can considerably affect the running of the engine, so in the 
compression-ignition engine the same substances produce 
a marked difference in the smoothness of running. The 
concentrations of the substances required, however, are 
much higher, and their effects are exactly opposite to what 
they are in the spark-ignition engine. This reversal of the 
effect of ‘catalysts’ is in accordance with the well-known 
fact that aromatic fuels provide smooth running in a petrol 
engine, but very noisy running in a Diesel engine, parti- 
cularly in small high-speed engines for which the permis- 
sible ignition-delay period is so short. 

PART 11. THE MOVEMENT OF FLAME 

In general it is not sufficient to know the average rate of 
movement of the flame front to obtain a true picture of the 
nature of the inflammation of a combustible mixture. Only 
under rather special conditions is the speed of flame uni- 
form, so that, unless the average rate over the whole path 
can be measured, measurements over a small section may 
be entirely misleading. This is particularly true when vibra- 
tions of the flame occur. Methods of measurement of flame 
speeds based on the registration of the arrival of the flame 
front at various points in its travel have therefore largely 
been superseded by photographic methods which enable 
records to be taken of the vagaries of the flame during its 
passage. Only in circumstances which preclude the direct 
observation of the flame are the older methods employed. 

The revolving drum continuous photographic method, 
first used by Mallard and Lc Chatelier and improved by 
H. B. Dixon, gives a clear picture of the movements of the 
flame front by focusing the image of the flame on a strip 
of sensitized paper wound on a revolving drum (see Fig. 1). 
This method has the disadvantage that subsequent events 
occurring in a region through which flame has already 
passed are difficult to interpret, and the records themselves 
may be unconvincing to those not familiar with the method. 
The ‘snap-shot’ method developed in the Safety in Mines 
Research Board’s Laboratories (see Fig. 2), in essence a 
form of cinematography using a special type of extremely 
rapid camera shutter, overcomes these disadvantages, and 
it is surprising that it has not been more extensively em- 
ployed in such work as the recording of the travel of flame 
in the cylinders of internal combustion engines. 

The Inflammation of Homogeneous Gas-air Mixtures 

The rate and nature of flame movement in a given gas-air 
mixture can vary widely with the conditions of experiment, 
and the factors determining them are complex. The subject 
has been simplified, however, by the conception of ‘funda- 
mental flame speed’ which has recently been introduced. 

This conception has arisen in the following way. When 
an inflammable gas-air mixture is ignited in a suitable 
manner at the open end of a tube which is closed at the 
far end, the flame usually travels for some distance at a 
sensibly uniform rate. Each succeeding layer of unbumt 
gas is raised to its inflammation point by conduction and 
radiation from the adjacent burning layer, and there is no 
appreciable movement of unburnt mixture, since the pro- 
ducts of combustion are free to expand and escape from the 
open end of the tube. The rate of flame propagation during 
this ‘uniform movement’ would therefore be expected 
to be determined solely by the flame temperature, the 
thermal conductivity of the mixture, and the average rate 
of reaction in each layer of mixture during its heating-up 
period. In addition, however, it is found, on experiment, 
that very slight disturbances can have a disproportionately 
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large cfTect on the rate of uniform movement, and that it 
is possible for a given mixture, under a given set of experi- 
mental conditions, to show two distinct rates of uniform 
movement in successive experiments. 

The ‘snap-shot’ photographic method of studying flames 
has shown that the shape of the flame front and its area 
were affected by the slight disturbances that influenced the 
rale of uniform movement (see Fig. 3). From the photo- 
graphs it was possible to measure the area of the flame and 
the rate of flame propagation, and thus to calculate the 
volume of mixture consumed in unit time. It was then 
found that, during the uniform movement of flame in a 
mixture initially at a given temperature and pressure, the 
volume of mixture consumed per unit area of flame was 
a constant whatever the speed of uniform movement in that 
mixture. Expressing this finding in a different manner, if 
each square centimetre of the area of the flame in a given mix- 
ture consumes x c.c. of mixture per second, the flame speed 
through the mixture, assumed at rest and at constant tem- 
perature and pressure ahead of the flame, will be x cm. per 
second. This value has been termed the ‘ fundamental speed’ 
of flame in the given mixture under the given conditions of 
temperature and pressure. 

From this treatment of the subject it is seen that any 
factor which influences the area of the flame will influence 
its speed in a proportionate degree. Further, any move- 
ment in the mixture ahead of the flame, due either to 
expansion of the burnt products or to some external agency, 
will add its effect to the fundamental flame speed. The area 
of the flame is determined by the shape and size of the 
combustion chamber and by the presence or absence of 
leaks or vents. In addition, both the area of the flame and 
the state of motion of the mixture are influenced by the 
freedom of expansion of the burnt products and by the 
effect of convection currents and of any forced turbulence 
due to external causes. 

The speed of flame in any inflammable gas-air mixture 
will therefore be influenced by the following factors: 

(1) The nature and concentration of the inflammable gas, 
since these determine the rate of reaction previous to in- 
flammation. The rate of reaction is also affected by the 
rate of heat transference by conduction and radiation. 

(2) The initial temperature of the mixture, since this 
influences the amount of heat required to reach inflamma- 
tion point. The effect of an increase in the initial tempera- 
ture from, say, 15° to 1(X)° C. is, however, small. 

(3) The initial pressure of the mixture. The effect is small 
because, though the rate of mass reaction increases pro- 
portionately with initial pressure, the density of the medium 
is also increased at the same rate. Thus the volume of 
mixture burnt per unit time, i.e. the rate of flame move- 
ment, is but little affected by density changes. When the 
flame reactions involve an increase in the number of mole- 
cules present, an increase in initial pressure tends to de- 
crease the reaction velocity and thus the flame speed. 

(4) The shape and size of the combustion chamber and 
the presence or absence of leaks or vents. If the products 
of combustion are unable to expand freely in the direction 
opposite to that of the movement of flame, the expan- 
sion causes a surge in the unbumt mixture. This surge 
accelerates the rate of flame propagation in an exponen- 
tial manner until the free expansion is checked by the com- 
pressive influence of the walls of the combustion chamber. 
In the initial stages of travel of the flame, provided that no 
marked impetus in any particular direction is given by the 
igniting source, there is no reason why its movement in 


any one direction should be easier than in any other, and 
the flame surface tends to spread like an expanding soap 
bubble (see Fig. 4). In a non-spherical combustion cham- 
ber, the effect of the walls in checking the free outward 
surge of unburnt mixture comes into play with unequal 
effect, and the flame surface tends gradually to assume the 
contour of the containing walls (see Fig. 5). When the 
inflammation is in a tube, or in a shallow combustion 
chamber such as that of an L-head engine, the effect of the 
walls on the flame becomes apparent almost immediately 
after ignition. 

(5) Movement of the mixture ahead of the flame has a 
profound influence on its speed. This is exemplified by the 
effect of the outward surge, due to expansion, of the pro- 
ducts of combustion. Similarly, if a stream of an inflam- 
mable mixture is ignited, the speed of the flame is increased 
additively with the speed of the current if it is travelling 
down-stream (unless the flow is turbulent, when the effect 
of the speed of the current is more than additive since the 
area of the flame tends to be increased); whilst if the flame 
is trying to proceed up-stream, it is possible to render it 
stationary by suitable adjustment of the speed of the cur- 
rent. The effect of induced turbulence is similar to that of 
bodily movement of the mixture as a current, and, in addi- 
tion, the turbulence tends to deform the flame front and 
increase its area and therefore its linear speed. Too high 
a degree of turbulence, however, may cause dilution of 
unburnt mixture with products of combustion, so that the 
effect of turbulence tends to reach a limit. 

Such are the factors which control the initial stages of 
inflammation in gas-air mixtures. When the inflammation 
is in a spherical combustion chamber, or in any chamber 
of which the linear dimensions are closely similar, these are 
the only factors operating. In asymmetrical combustion 
chambers, such as tubes or the cylinders of internal com- 
bustion engines, further complications may occur due to 
the effect of resonance set up in the mixture itself. Reso- 
nance manifests itself when the inflammation has spread 
some distance from the igniting source and gives rise to 
vibrations of the flame front. The result of such vibrations 
is to increase the area of the flame surface and to augment 
surge effects, and this tends to be exponential, leading to 
vibrations of increasing amplitude and a considerably en- 
hanced rate of forward movement of the flame, unless or 
until the influence of the walls of the combustion chamber 
checks the effect. Such vibrations may lead to the ‘detona- 
tion-wave’, the sudden greatly enhanced and constant 
speed of flame movement in which the flame is accom- 
panied by a pressure-wave travelling with the speed of 
sound under the prevailing conditions; or the inflamma- 
bility may extinguish itself during a particularly extensive 
backward vibration. It may be noted that the vibrations 
of the flame travelling in a tube give rise to an audible note, 
and that similar vibrations probably invariably precede the 
‘knock’ in a spark-ignition internal combustion engine. 

Flame Movement in the Combustion Chambers of 
Internal Combustion Engines 

The observation of flame speed and flame movement in 
the cylinders of internal combustion engines has mainly 
been directed towards the elucidation of the problem of 
petrol-engine ‘knock’. Although a complete explanation 
of this phenomenon has not been agreed upon, the fol- 
lowing information regarding the nature of the combustion 
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under knocking and non-knocking conditions has been 
obtained. 

When the inflammation of the substantially homo- 
geneous petrol-air mixture is effected by the passage of the 
igniting spark, the movement of the flame across the com- 
bustion chamber is usually closely similar to its movement 
in an explosion chamber of constant volume in a laboratory 
experiment. After a slow start in the more or less stagnant 
mixture in the plug-body, the flame accelerates until about 
half the total path to the opposite wall has been traversed, 
then checks and subsequently travels at a nearly uniform 
or slightly decreasing speed. The check in the speed of the 
flame is usually most clearly defined in a vessel of other 
than spherical form (see Fig. 6). The average speed of the 
flame is much faster under the turbulent conditions in an 
engine than in a quiet mixture in a laboratory experiment, 
but photographic records do not show any marked dif- 
ferences in the character of the flames. Actually, the tur- 
bulence induced experimentally by a rapidly revolving fan 
in a closed explosion chamber frequently alters the manner 
in which the flame spreads to a greater extent than does 
the turbulence in the combustion chamber of a side-valve 
engine. 

The subsequent course of events depends on circtiin- 
stances. During a non-knocking explosion in an engine, 
or during an inaudible explosion in an experimental 
explosion chamber, the movement of the flame after its 
‘arrest’ is usually nearly uniform or at a slightly decreasing 
speed until the end of inflammation. In knocking explo- 
sions, the flame front begins to vibrate and then suddenly 
accelerates after about three-quarters to seven-eighths of 
the total path have been traversed. Sometimes, but not 
invariably, ignition of unburnt mixture ahead of the flame 
precedes or is synchronous with this sudden acceleration; 
always there is evidence of flame vibration slightly before 
the rapid acceleration, and photographic records invariably 
show evidence of pressure-waves traversing the combustion 
chamber and producing stationary waves. At or about the 
moment when the sudden acceleration of the flame occurs, 
a reillumination or ‘after-glow’ flashes back from the flame 
front with the speed of sound through the burnt products, 
and, if a pressure indicator be fitted to the combustion 
chamber, there is evidence that a pressure-pulse or shock- 
wave accompanies this after-glow (and may be the cause 
of it) (see Fig. 8). The impingement of this shock-wave on 
the walls of the combustion chamber and on the crown of 
the piston sets up vibration in the metal, giving an audible 
note or ‘knock’. 

Photographic records of knocking and non-knocking 
explosions indicate that one of the main dilTerences between 
the two is the degree of completeness of combustion in the 
flame front. Knocking fuels give a very ‘thin’ flame front 
and a pronounced recrudescence of illumination when the 
shock-wave is sent back at the moment of acceleration of 
the flame towards the end of its travel. With non-knocking 
fuels, such as benzole, there is a continuous zone of com- 
bustion behind the flame front, and, even though in certain 
circumstances acceleration of the flame is observed towards 
the end of its travel, there appears to be insufficient residual 
energy in the burnt products to sustain the pressure-pulse 
sent back and to develop a real shock-wave (see Fig, 7). 

As mentioned previously, observations have been fre- 
quently made during knocking explosions, particularly in 
engine combustion chambers, of an ignition of the unbumt 
mixture at some point or zone well ahead of the flame. 
One view of the cause of knock is that the shock wave 
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is due to sudden ignition of an appreciable volume of 
mixture ahead of the flame, by compression and radiation. 
This view is not in accord with the observation that such 
self-ignition is seldom noticed during knocking, even in 
engine cylinders, though it is certainly more likely to occur 
in such circumstances than in laboratory experiments, 
owing to the presence in an engine of ‘hot spots’ presented 
by exhaust valves and glowing carbon. Further, it is known 
that dual ignition in an engine reduces knock, yet common 
sense and photographic evidence indicate that the unburnt 
mixture between the two advancing flames will be at a 
higher mean temperature than when the unburnt mixture 
is merely compressed against the wall of the combustion 
chamber. Admittedly, however, with dual ignition the time 
available for the pre-flame reactions to accelerate to inflam- 
mation is reduced. It should be noted, also, that, in an 
explosion chamber of constant volume, ignition ahead of 
the flame has frequently been observed with aromatic 
blends of good anti-knock quality; further, that compres- 
sion-ignition docs not as a rule give rise to shock-waves. 
The various theories of the cause of knocking are, however, 
discussed elsewhere in this work. Having called attention 
to the differences in the character of the flame movements 
in knocking and non-knocking explosions, a brief reference 
may be made to the behaviour of anti-knock compounds 
such as lead tetraethyl. 

Lead tetraethyl in the form of undecomposed vapour 
increases the violence of knock in explosions in a chamber 
of constant volume. If it is decomposed, however, before 
it is added to a fuel-air mixture which normally produces 
a knocking explosion, the combustion much more closely 
resembles that of a non-knocking fuel, for the combustion 
initiated in the flame front continues behind it and the 
whole contents of the combustion chamber arc glowing 
when the flame reaches the end distant from the source of 
ignition. In an engine the lead tetraethyl is mostly decom- 
posed during the compression stroke, and will certainly be 
completely decomposed before the initial inflammation has 
spread any distance from the sparking-plug. 

Inflammation in Fuel Sprays 

In the spark-ignition Hesselman engine the ignition must 
depend on the intensity and size of the electric spark and 
the concentration of fuel droplets and fuel vapour in the 
path of the spark. The subsequent spread of the inflam- 
mation will be determined by the same factors as operate 
with homogeneous mixtures (i.e. the nature of the fuel, the 
motion of the air and the fuel, the flame temperature, and 
the liability of loss of heat). Instead, however, of the re- 
action velocity being determined, for a given set of tem- 
perature conditions, by the strength of the fuel-air mixture, 
the size and distribution of the fuel droplets will play the 
principal part in determining the ‘ reaction- velocity ’ com- 
ponent of the flame speed. In general, this component will 
increase as the concentration, fineness of atomization, and 
uniformity of distribution of the droplets increase. Thus 
the ‘ reaction- velocity ’ component of the flame speed will 
tend to increase as the load on the engine (and thus the 
amount of fuel injected) increases. This effect will be mag- 
nified by the higher air temperatures at increased loads. 

In the compression-ignition engine there tends to be a 
more pronounced delay period between the injection of the 
fuel and its ignition, this delay being determined by the 
temperature of the air and the character of the fuel. With 
spark-ignition the intense heat of the spark gives almost 
instantaneous ignition, though the initial slow spread of 
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flame in the stagnant mixture in the plug body gives rise 
to an appreciable delay period as measured by the most 
Mnsitive indicators. In the compression-ignition engine. 
Ignition ultimately probably occurs at some point or zone 
near the axis of the cone of spray along which the air is 
carried by the momentum of the spray, so that the relative 
motion between fuel droplets and the air is small. The 
flame so initiated will tend to strike back through the fuel 


spray, if injection is still proceeding, and subsequently to 
continue like a burner flame until injection ceases. Inflam- 
mation now continues during a further period determined 
mainly by the size of the fuel droplets and the facility 
accorded them for coming into contact with sufficient oxy- 
gen for complete combustion. In an overloaded engine, in- 
flammation is still proceeding when the exhaust valve opens, 
so that flame and smoke are emitted into the exhaust pipe. 
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FLAME PROPAGATION AND DETONATION 

8. FLAME PROPAGATION, PARTICULARLY WITH REFERENCE 
TO VIBRATORY AND TRUE DETONATION FLAMES 

By R. P, FRASER, A.R.C.S., D.I.C. 

Imperial College of Science and Technology 


Introduction 

An explosion being a complex interconversion of several 
forms of energy occurring at a relatively great rate, a proper 
understanding of what occurs during the small fraction of 
time in which the liberation of energy occurs, and the 
determination of the physical and chemical conditions 
before, after, and even during the explosion time, is of the 
utmost importance. Of these, the factors controlling flame 
movement during explosion, and the new conditions arising 
therefrom, are perhaps of the greatest interest and value, 
for it is by their determination that we are able to utilize 
the greatest force for whatever purpose required. 

General Survey 

If the proportion of combustible gas or vapour in a 
mixture with air or oxygen be increased, a point is reached 
when flame will be propagated throughout the mixture 
without the necessity of continued ignition. An inflam- 
mable or explosive mixture may thus be defined as one 
through which a flame can be propagated indefinitely in- 
dependent of, and away from, the original source of igni- 
tion. Inflammability is therefore a property of the mixture 
itself dependent on its composition, temperature, and pres- 
sure, and generally independent of the vessel containing it. 

For any particular combustible gas and air or oxygen 
mixture there are, under given physical conditions, certain 
limits of composition within which self-propagation of 
flame will take place. These limits defined in terms of the 
percentage of combustible gas arc referred to as the lower 
and higher limits of inflammability. For a particular gas 
they vary with: 

( 1 ) Position and intensity of the source of ignition. 

( 2 ) Direction of propagation, i.e. upward, downward, or 
horizontal. 

(3) Diameter of the vessel. 

(4) Temperature. 

(5) Pressure. 

Stages of Flame Propagation 

When a gaseous explosive mixture is homogeneous and 
stationary, the flame moves through it in a manner and at 
a velocity determined by a variety of circumstances, each 
successive burning layer of gas igniting the next one, so 
that the flame progress is continued so long as any of the 
explosive medium remains unburnt. 

It was first recognized that gaseous explosions pass 
through certain reasonably well-defined stages by the early 
investigations of Mallard and Le Chatelier [16, 1883]. 
They found that when a quiescent mixture is ignited near 
the open end of a tube a comparatively slow uniform flame 
was first observed, followed by a period of vibratory 
motion, and that subsequently, provided the tube was long 


enough, the detonation wave at another high uniform velo- 
city was set up. This later stage had been recognized and 
determined by the earlier investigations of Berthelot and 
Vieille in 1881. Mallard and Le Chatelier further showed 
that when the mixture was ignited near the closed end of 
a narrow tube the flame had only a very short period 
of uniform motion (or nearly uniform motion) and was 
continuously accelerated without the intervention of the 
oscillatory period up to detonation. 

It may here be mentioned that these observations of 
Mallard and Le Chatelier were made with combustible 
mixtures of CS 2 -f 6 NO and CS2-f302 having a relatively 
high rate of burning, and that with mixtures of lower rates 
or heat content detonation would not necessarily ensue, 
nor would propagation in the second case be continuously 
accelerated without the development of an oscillatory 
period. 

The stages of flame propagation in tubes now recog- 
nized are 

1 . The initial stage or uniform motion. 

2 . The vibratory stage. 

3. The pre-detonation stage. 

4. The detonation stage. 

The first two stages may also be classed as flames travel- 
ling below the velocity of sound, and in the last two stages 
as flames travelling above the velocity of sound. 

Although these stated stages of explosion are useful 
headings, it is difficult to determine when one stage merges 
into another or where the mode of burning of the earlier 
stages in an explosion changes to another. Generally 
speaking, it is considered that during the first stages burn- 
ing is mainly by conduction of heat from layer to layer, 
whereas in the last stage of maximum rate of burning it is 
mainly by adiabatic compression, the flame becoming a 
compression wave. It is evident from recent work that 
during all these stages the flame can be greatly influenced 
by abrupt changes of pressure in the burning layers, such 
as by means of a compression wave, and that almost all 
gaseous explosions are complicated by such waves. 

The Influence of Vessel Form 

It is necessary in studying explosions to appreciate fully 
both the influence of the form of the vessel and whether 
open or closed and also the type and position of the igniting 
source. For these factors profoundly influence the resulting 
couree of an explosion both as regards the flame velocity 
attained and the total time involved. 

All vessels can be said to fall between two limiting forms: 
on the one hand a sphere, and on the other a long narrow 
tube. 

An explosion of the same mixture (provided it is not 
a limit mixture) in these two dissimilar forms of vessel will 
proceed in a different manner. Generally speaking, the 
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pre-detonation, and detonation stages are more likely to 
develop in tubular vessels where the ratio of length/ 
diameter is large, than in spherical vessels where, as far as 
is known, these later stages will not appear. Vibratory 
motions, however, may be observed immediately the 
dimensions of the vessel become unequal and the effects 
of pressure waves and flame oscillations become more 
influential and violent as the ratio of length/diameter be- 
comes greater. It may be mentioned that as this ratio is 
increased, so the surface-volume ratio will be increased, and 
effects due to the cooling walls during the early stages of 
propagation will have greater influence. 

Gaseous explosions can never be free from hydrodyna- 
mic disturbances set up in the medium by the flame itself. 
These disturbances will produce mass movements of gas in 
the vessel and affect the concentrations of the active gases 
in the flame envelope. Such effects will be much greater 
when the explosion takes place under conditions of con- 
stant volume than they will be under conditions approxi- 
mating to constant pressure. 

The velocity of this mass movement of the gases, when 
in the same direction, must be added to that of the flame 
envelope itself to account for the observed velocity. The 
mass movement will be least in the case of a free unenclosed 
explosive medium (i.e. a bubble), in which case it is merely 
the rate of expansion of the gases inside the envelope; and 
greatest when the confining vessel is closed and far from 
spherical. Any alteration in mass movement of the 
burnt or unbumt gases will therefore alter the observed 
speed of the flame. Such alterations may occur many times 
during the passage of a flame through a vessel of cylindrical 
form closed at both ends, particularly if the diameter is 
small in comparison with the length. 

In addition to the pressure disturbances just described, 
it is now established that a proportion of the energy of an 
explosion can exhibit itself in the form of compression 
waves developed by the combustion itself. These waves are 
produced at an early stage during the travel of flame 
through the vessel, and if it is closed are reflected back- 
wards and forwards many times. In their passage through 
the burning gases they momentarily raise the pressure in 
their path, producing thereby increased luminescence and 
combustion. Further, should the vessel be tubular and long 
enough, these compression waves are found to be respon- 
sible for the early development and eventual setting up of 
detonation. 

The uneven distribution of pressure in different parts of 
the vessel as the flame proceeds to fill it, together with the 
disturbing effects of these compression waves, are therefore 
found to be extremely influential during the development 
of an explosion. 

The Methods used in the Investigation of Flame 
Propagation in Explosions 

There are two principal methods used for the determina- 
tion of flame velocities: (1) the electrical method, and 
(2) the photographic method. The principles of both were 
devised by the early investigators in this subject, namely, 
Mallard and Le Chatelier [16, 1883]. Although the same 
principles are used to-day, their refinement and accuracy 
have been considerably developed. 

The Electrical Method. 

This method, which is now only used when photography 
is impossible, consists briefly in measuring the time between 


either the fusing of wire bridges or the breakdown of a 
potential between electrodes placed in the tube at intervals 
by the flame. In short tubes the method is limited to the 
measurement of slow flames by reason of inertia and elec- 
trical delays. Moreover, it can only record the avera^ 
velocity between one or more points in the tube and is 
entirely inadequate with any phase of propagation other 
than the initial uniform motion. In very long tubes how- 
ever, the electrical-bridge method was used by H. B. 
Dixon with considerable success. 

The Photographic Methods. 

The means for obtaining photographic records may be 
divided into two groups: (a) those using the direct light of 
the explosion, and (/?) those using indirect transmitted light 
from an external source. The records of each group may 
be obtained in two ways: either as a continuous record 
taken upon a moving plate or film, or as an instantaneous 
snapshot obtained upon a stationary negative by the use 
of either a high-speed shutter or the flash of an electric 
spark. 

Photographs by the Direct Light of the Explosion. 
There is no doubt that whenever the actinic qualities of 
a flame permit, this method is preferable to any other 
because it enables not only flame speeds to be measured 
with accuracy but also the whole flame movement to be 
studied visually. 

Graphical Records. By this method a continuous record 
is obtained by focusing the image of the flame, moving 
horizontally, upon a film moving vertically at a known 
constant speed. In this manner a graph compounded from 
the velocity of the flame image and the velocity of the film 
is obtained. From this graph, the film velocity being known, 
the flame velocity can be calculated (Fig. 1). It will be undcr- 
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Stood that such a photograph allows both a determination 
of any uniform speed or speeds of the flanae, and also an 
analysis of any sudden changes in speed, such accelerations 
or retardations portraying themselves on the picture as 





hiG. 2. Fraser high-spcjd mirror camera hu;. 4. Flame centrally ignited in a mixture ol IOC () Oj 

m a sphere ^ cm. in diameter, photogiaphed every 2 0.^ 
milli-sec. (hllis) 



Fig. 8. A graphical picture of the vibrational period in a mixture of 
2CO i O 2 ignited passively at the open nii ith of a tube 16 m. long. 
Frequency of vibration 78, 90, 102 per sec. Film speed .v (Fraser), 
(a: 0-48 m. per sec.) 


Fki. 9. A graphical picture of oscillatory flame- 
motions in a mixture of 2CO f O 2 in an open tube 
6 0 m. long ignited passively at the open end 






FLAME PROPAGATION 


curves of the flame boundary. Furthermore, any difference 
in the intensity of combustion, giving rise to variations in 
the luminosity of different layers in the burning masses, will 
appear as relatively light or dark lines. Movements of these 
layers either backward or forward horizontally will be dis- 
cerned in the photograph as lines crossing the picture at 
angles corresponding to their respective velocities. So also 
the passage of a compression wave through the flame, by 
increasing the luminosity of the gases in its path, will 
appear as a relatively bright line crossing the picture, in 
consequence of which its velocity and direction may also 
be determined. 

This method of recording can be used equally well both 
for the slowest and fastest explosions, and, in fact, with the 
fastest machines is capable of recording flame variations 
occurring in a millionth of a second. It may here be con- 
venient to describe briefly the latest type of photographic 
machine for obtaining such graphical pictures. 

The Fraser High-speed Mirror-Camera. For successful 
analysis and the greatest accuracy in determining the velo- 
city of explosions, it is required that the negative be moving 
at such a speed that the angle subtended by the flame on 
the photograph be nearly 45°. It is imperative therefore 
that a camera for this purpose be capable of both very 
high and wide variation of film speed. 

The early apparatus of this type utilized a plate falling 
behind a lens at the instant of the explosion. The pro- 
duction of celluloid film led to an increase in film velocity 
obtained by wrapping the film upon a rotating drum. 
H. B. Dixon [10, 1903] rotated a drum up to a speed 
equivalent to 50 to 80 metres of film past the lens per sec. 
This enabled him to analyse and measure the velocity of 
detonating flames. More recently Fraser [13, 1929] de- 
signed cameras with rotating drums giving film velocities 
up to 200 metres per sec., which speed was found to be the 
practical limit owing to the effects of centrifugal force and 
windage upon the film. In 1931 the Fraser mirror camera 
was constructed (Fig. 2). It employs a different principle 
to obtain its speed, and has perhaps the highest analysing 
power available to-day. In this machine the film is held 
stationary and the image of the flame is rotated by a 
double-sided steel mirror placed at approximately half the 
focal distance of the lens (Fig. 3). Two semicircles of film 



Fig. 3. 

are suspended within a circular casing, upon the circum- 
ference of which the lens is fixed. The mirror is rotated at 
the centre of the circle formed by the films so as to throw 
the image from the lens upon them. By this means it will 
be seen (1) the image of the flame in a horizontal tube is 
rotated at right angles to the direction of flame travel, 
(2) each side of the mirror in turn rotates the image, (3) the 
image rotates at twice the speed of the mirror. Rotating 
the mirror at its maximum speed, 30,(XX) r.p.m., is equi- 
valent to 60,(XX) image rotations per minute, which in this 
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machine is equivalent to a vertical film speed of 1,(XX) 
metres per sec. To obtain such high speeds of rotation it 
is necessary to evacuate the camera casing to avoid all 
windage. With these high equivalent film velocities it is 
possible to measure with an accuracy of 0-3% velocities of 
detonations up to 10,(XX) metres per sec. (i.e. the highest 
speeds attained by solid explosives). 

Flame Snapshots. These photographs are true pictures 
of the flame taken in a cinematic manner by means of a 
shutter device formed either by a periodic coincidence of 
holes in two rotating disks (Ellis [12, 1928]) or by means 
of a series of rotating mirrors (Fraser [13, 1934]). The 
direct snapshot method is more particularly useful for the 
photography of explosions in small vessels and cannot be 
used upon flames of high velocity owing to the extreme 
shutter speeds required for such flames. 

ib) Photographs by Transmitted Light. Photographs by 
this method can be of two types, and are known as (1 ) direct 
shadow photographs, or (2) Schlieren photos. 

Both types depend for their success upon the deviation 
in a ray of light consequent upon any variation in the 
refractive index of a portion of the gaseous medium 
through which it passes. 

The first type, based upon a method devised by Dvorak 
in 1880, uses a point source of light to cast a direct ‘shadow’ 
of any pressure disturbance upon a screen or photographic 
plate. This method has been used by many investigators 
for the photography of moving projectiles and also of 
sound waves. 

Usually a large condenser discharge is utilized as the 
light source, and various arrangements have to be applied 
to obtain the spark flash at the desired instant. When the 
objects to be recorded are compression waves or solid pro- 
jectiles the method presents little difficulty, but where a 
luminous explosion or explosion wave is to be photo- 
graphed it is clear that unless special precautions are taken 
the light from the explosion will fog the plate and make the 
result valueless. For this reason, until recently snapshot 
shadow-photographs of the detonation wave or luminous 
flames have not been obtainable with much success. A 
method now being worked out by Fraser and Wheeler, 
however, has led to some success, and it has been found 
possible, for instance, to record the form and pressure dis- 
tribution in the ‘spinning’ detonation- wave, referred to 
later. 

The second type or Schlieren photographs are based 
upon a method devised by Topler in [21, 1867], and em- 
ployed by Cranz [9, 1923], and Payman [18, 1926]. Light 
from a source falls on a concave mirror and is reflected 
as a convergent beam. This beam is brought to a focus 
on the front of a camera lens, and there forms an inverted 
image of the source. The front surface of this lens is half 
covered by a semicircular diaphragm. The image of the 
source is arranged to fall for the most part on this dia- 
phragm, the remainder falling on the lens and forming 
on the plate or screen an illuminated circle of the concave 
mirror. A disturbance to be observed is produced in the 
converging beam between the mirror and the camera lens, 
the camera lens being focused upon the principal plane 
of the disturbance. Rays of light which are refracted by 
the disturbance are bent, and as they converge to form 
a secondary image of the source at a point removed from 
the opaque diaphragm they will be diverging again when 
they reach the diaphragm, and some of the rays which 
originally fell on the diaphragm will now fall on the lens. 
Similarly, other rays which passed through the lens now 
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fall on the diaphragm. It will be seen that the rays which 
now fall on the lens will form a bright line on the plate, 
whereas rays which are bent so as to fall on the diaphragm 
will appear as an area of shadow on the plate. The only 
necessary condition for this process is that there should be 
a sudden change in density at the surface of the disturbance. 
In this way the Schlieren principle makes visible a shock 
wave or an area of heated gas. 

A ‘wave speed’ camera developed by Pay man and Shep- 
herd [18, 1926] employs this method in conjunction v ith 
the rotating film, so that photographs of explosion pheno- 
mena can be taken which show the relative positions of 
compression waves, flames, and hot products, and as the 
records are graphical representations, their speeds can be 
calculated. 

The Initial Uniform Motion of Flame through 
Stagnant Mixtures 

The initial slow uniform movement of flame which is 
observed when an explosive medium is passively ignited at 
the open end of a tube is found to be independent of the 
material composing the walls of the tube, but it may be 
retarded by the cooling influences of the walls unless a cer- 
tain limiting diameter is exceeded; and, in fact, in very 
small tubes the flame may be extinguished. This limiting 
diameter will vary with the composition of the explosive 
mixture and also with the velocity of flame through it. In 
other words, the diameter of a tube required to extinguish 
the flame is smaller the greater the flame velocity. 

The distance that the flame will move uniformly in a 
given case is found to be largely dependent upon both the 
total length and diameter of the tube. For instance, with 
a mixture of CSi4-2NO in a tube 2 metres long and 3 cm. 
diam., the distance traversed uniformly was 0-8 metre, 
whereas in a tube of the same length 1 cm. diam. it was 
only 0-25 metre. Increasing the length of tube to 3 metres 
in the first case increased the length of the period to 
1 0 metre. 

In spherical vessels or vessels of almost equal dimensions, 
propagation of flame occurs initially at a uniform speed in 
all directions. The flame is formed as concentric spherical 
surfaces as it spreads, and the observed speed will be com- 
pounded mainly from the rate of heat-conduction and rate 
of expansion of the hot gases within the flame envelope. 
A time will arrive, however, when the expansion within the 
flame sphere and the concomitant pressure gradient ahead 
of the flame will have built up a compressed layer of un- 
bumt gas near the walls of the combustion chamber, with 
the result that an alteration in the speed of spread of the 
flame, dependent on circumstances, will occur as it ap- 
proaches the walls. The distance travelled uniformly will 
depend upon the rapidity of burning and the diameter of 
the sphere. Fig. 4 illustrates the travel of flame through 
a slow-burning mixture of carbon monoxide and air in a 
sphere 9 cm. diameter ignited centrally. It shows the flame 
spreading more slowly as it approaches the wall of the 
sphere. 

Mallard and Le Chatelier regarded the phase of uniform 
propagation as being governed by the transference of heat 
from layer to layer by conduction. From such a point of 
view the speed would depend only on the composition 
of the mixture and its temperature and pressure. Regarding 
the limit condition, Le Chatelier propounded a general rule 
for calculating the limit of inflammability of a complex 
mixture of different combustible gases with air. This rule 


may be written as follows: Let A, B, and C be the simple 
constituents of an inflammable gas (e.g. Town’s gas) and 
let Lfl, Lc be their limits of inflammability. If the 
complex limit mixture contains a% of A, b% of B, and 
c% of C, then the limit for the complex mixture will be 

__ a+b^- c 

^ ^iL^nib/LoHic/LcY 

This additive rule involves the assumption that the ad- 
mixture of one limit mixture with another of the same type 
(i.e. lower or higher limit mixture) does not affect the 
burning or propagation as a whole. 

Payman and Wheeler [19, 1922], and later A. G. White 
[22, 1922], exhaustively tested this rule and found that in 
most cases a fair approximation to the value of the limit 
of a binary mixture can be obtained by its application both 
for vapour-air and gas-air mixtures. Payman and Wheeler 
attempted to apply the rule more generally. They stated 
that it held good, not only for limit mixtures but for all 
mixtures of inflammable gas with air or oxygen, provided 
that mixtures of the individual gases are of the same type. 

Bone, Fraser, and Winter [4, 1927] found considerable 
divergence from this empirical rule when it is applied to 
mixtures of gases with oxygen or to mixtures with either 
air or oxygen removed from the limits. They concluded 
that the rule is not generally applicable to gaseous explo- 
sions and that it cannot be vested with the authority of 
a natural law. They further concluded that a uniform 
movement of flame was not necessarily developed in all 
quiescent explosive mixtures fired at the end of a horizontal 
tube, and also that only in set circumstances was such a 
uniform velocity quite the same in all cases. Moreover, it 
was shown that a uniform movement could be established 
almost at any stage up to the setting up of detonation 
under particular circumstances. It can be said that the Le 
Chatelier rule may have some practical value when applied 
to limit mixtures of similar gases such that the oxygen 
concentration would remain almost unaltered, but should 
be applied only with caution outside such limitation. 

Measurements of uniform flame speeds between the 
limits of inflammability are usually given as speed per- 
centage curves. These curves are useful comparisons of the 
relative inflammability of different combustible mixtures. 
Fig. 5 shows a typical series of such curves with gas-air 
mixtures. The great difference between the limiting mix- 
tures and flame speeds of different gases of such dissimilar 
character as CO, FI2, and C2H2 should be noted. Fig. 6 
shows similar curves of some of the gases of the paraffin 
series with air. It should be noticed that with these gases 
having similar modes of burning and physical character, 
that the curves are similar in shape, and that the maximum 
speeds are all approximately the same except for methane, 
but that the limits approach each other as the complexity 
of the molecule increases, as would be expected. It will 
also be noticed that the limiting speed of all such measure- 
ments is approximately 20 cm. per sec. With oxygen 
mixtures the uniform speeds are much higher, running into 
thousands of cms. per sec. with such gases as CjHa, C2H4 
Fig. 7. Generally speaking, the measurement of flame 
speeds under standard laboratory conditions (i.e. usually 
in a 1-in. diameter tube of considerable length in propor- 
tion to diameter, and passive ignition by a flat flame) gives 
comparative measurements of the flame movement under 
these conditions only, and although they aid in making 
theoretical deductions regarding flame behaviour and per- 
haps probable behaviour in other vessels of similar form, 
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it is difficult to decide when the confining influences of the 
standard tube become important. Such influences cannot 
be the same with different gas mixtures having different 
rates of burning. Nor can the flame surface and the con- 
ditions of pressure in it remain inactive as the flame moves 
farther and farther from the mouth of the tube. It is such 
changing conditions, largely out of control, which are the 
limiting factors in such measurements; for whereas with 
slow-burning mixtures generally the conditions at the flame 
front can remain steady for some considerable time, with 
fast-burning mixtures they must change almost immediately 
the flame is in motion, with the result that the confining 
boundaries and form of the tube are almost wholly re- 
sponsible for the results obtained. Therefore such measure- 
ments, with the exception of very slow-moving flames, 
however exact, can have little practical value outside the 
laboratory without considerable modification and study of 
the altered confining influences of the vessel upon the flame. 

The fact that a flame travels uniformly in any particular 
case is more an indication that a special set of physical 
conditions exist in the region of the flame than that a 
particular mode of burning of the gases themselves is being 
sustained, though it does imply a regular supply of unbumt 
gas and a uniform rate of reaction. 

Oscillatory and Vibratory Movements in Flames 
1. Vibratory Motions in Open Tubes. 

Mallard and Le Chatelier [16, 1883] recognized that the 
slow flame-speeds of the initial uniform movement in tubes 
would be accelerated by turbulence which would assist in 
the transmission of heat. They named two types of vibra- 
tional propagation: Mouvement saccade and Mouvement 
vibratoire. The first they described as periodic accelera- 
tions and retardations of the flame of considerable ampli- 
tude; the second they described as being limited to the 
region of the flame front. At least three types of vibratory 
motions in explosions may now be recognized: (1) those 
due to the acoustical properties of the vessel; (2) those 
caused by regions of pressure difference; (3) those resulting 
from the presence of compression waves. 

Each of these types of disturbance may be said to pro- 
duce a kind of auto-turbulence within the burning medium, 
so that the average rate of burning is increased. 

When an explosive mixture is contained in any vessel 
open at one end and ignition is effected at this opening, 
as had already been said, the condition of pressure at the 
flame surface will change when the flame has moved so far 
from the opening that the pressure produced by expansion 
cannot dissipate to the atmosphere. When this position is 
reached in a tube the flame may either with (1) a fast- 
burning medium accelerate continuously, or vibrate and 
surge backwards and forwards with variable but generally 
increasing amplitude, or (2) with slow-burning mixtures 
these variations may not occur, but the flame envelope 
itself may vibrate by continual alteration of form like a 
flexible diaphragm. These movements have been shown to 
be influenced by the acoustical properties of the tube. 
Mason and Wheeler [17, 1919-20] found that they were 
the direct result of the resonance of the column of gas lying 
between the flame front and the closed end of the tube. 
The frequency of the vibrations agree closely with the fre- 
quency calculated for organ pipes of the same dimensions 
as the portion of the tube remaining ahead of the flame 
front. Since the flame acquires its motion from the vibra- 
tory column of gas ahead of it, the amplitude of the 


vibration of the flame front increases as the resonance 
becomes stronger. The period of vibration is therefore 
varied by the length, diameter, speed of flame, and the 
position of flame in the tube at any instant. 

Fig. 8 shows a typical graphical picture of a uniform 
motion and subsequent vibrational period in a mixture of 
2CO hOa contained in a tube open at one end 2-5 cm. 
diameter and 1 -6 metres long ignited passively at the mouth 
with a flat flame. The flame is seen to progress uniformly 
for 0*3 metre at a velocity of 240 cm. per sec. ; it then starts 
to vibrate, at first with a very small amplitude, but be- 
coming greater after a few more cm. run. As it approaches 
the closed end of the tube it is seen to lose speed, and very 
rapid vibrations appear in the flame envelope. 

In the case of (1) fast-burning mixtures, the acceleration 
and/or swinging backwards and forwards is found to be 
mainly due to unequal pressure distribution before and 
behind the flame, so that it is alternately hindered by expan- 
sion in front of it or accelerated by expansion behind it. 
O. C. de C. Ellis [12, 1928] has shown by snapshot photo- 
graphy that the gas motion produced by these expansions 
will greatly alter the form of the flame envelope, with the 
result that the area of the flame surface upon which the 
rate of burning partly depends will fluctuate exceedingly. 
This type of oscillation is usually found to be of con- 
siderable amplitude, so big, in fact, that in narrow tubes 
of considerable length the flame may be forced so far back 
into its own products of combustion that it may be extin- 
guished or alternatively thrust quickly forward so as to 
initiate detonation earlier. It is found that such oscillations 
as these will usually cease to occur after the flame front 
has attained a velocity above the velocity of sound in the 
mixture. Furthermore, it has also been found that during 
this phase compression waves are produced by the flame 
itself. These waves travel ahead of the flame and are 
reflected from the closed end of the tube. 

Fig. 9 is a graphical record showing such oscillatory 
flame motions in a 2 CO + O 2 mixture contained in an open 
tube 6 metres long by 1*2 cm. diameter ignited passively 
at the open end. 

The flame is seen to be at first accelerated forward 
irregularly and then to be alternatively moving forward 
and backward in the tube. The oscillations are seen to 
have no uniformity, but considerable amplitude. The com- 
pression waves produced by the flame after reflection from 
the end of the tube make themselves visible as luminous 
tracks in the burning medium behind the flame front. They 
are seen to be largely responsible for the sudden retarda- 
tion of the flame during the later stages depicted in the 
photograph. 

Where ignition is made to occur a short distance inside 
the mouth of a tube, it is found that no uniform motion 
will ensue but that an oscillatory motion may be set up 
immediately. 

2. Vibratory Motions in Closed Tubes. 

In stagnant mixtures in closed tubes, no matter where the 
point of ignition is placed, the flame is found to accelerate 
almost immediately away from it. This initial accelerating 
movement is followed in all cases by a retardation, so that 
the flame may remain almost stationary or even suffer a 
reversal of motion in some cases. It may then advance 
again in a second stage cither almost uniformly as in a 
slow-burning medium, or in a series of further accelerations 
and retardations or ‘surgings’ (Fig. 11). 

The first retardation of the flame in such vessels has been 





Fi(.. 11. A graphical picture of flame in a mixture 
of 2C O I in a closed tube of 1 6 m. long ignited 
passively at one of the closed ends. Film speed 
10 • v. (Fraser) 


Fi(,. 13. A graphical picture of flame in a mixture 
ol 2CO ■ O^. in a closed tube 16 m. long, ignited 
centrally. Film speed 10 ■ .\, (Fraser) 
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named the ‘flame arrest’. Several alternative explanations 
of the cause of this flame arrest have been advanced. 
Dixon [11, 1921] thought that it is caused by the com- 
pression wave from the spark striking the flame after reflec- 
tion from the end of the vessel. This view is untenable for 
many reasons, among which is the fact that the arrest is 
found in cases where ignition has been perfectly passive, 
i.e. a pilot flame or hot wire. Woodbury, Lewis, and Canly 
[23, 1921] thought that it occurred when the pressure of 
the unburnt gases before the flame front equalled the pres- 
sure of the products behind, the pressure ahead of the 
flame front being built up by reason of its confined move- 
ment. Hunn and Brown [15, 1928], as the outcome of 
experiments on carbon disulphide and oxygen mixtures 
exploded in an apparatus recording simultaneously the 
pressures at different positions in the tube during explosion, 
formed the opinion that it occurred at the instant a large 
compression wave born behind the flame front overtook 
the flame. This view, however, is difficult to substantiate 
in view of the fact that compression waves are known to 
accelerate flames when overtaking them (Bone and Fraser 
[1, 1929]). Ellis [12, 1928] analysed many explosions of 
carbon monoxide and air by means of snapshot photo- 
graphy and came to the conclusion that the initial period 
of acceleration lasts until the volume of the flame products 
approximates to half the volume of the tube, provided the 
tube was not too narrow. Furthermore, that the arrest is 
produced when the flame alters in shape from an elongated 
cylindrical solid and makes contact with the walls of the 
tube, thus allowing a relatively sudden loss of energy 
behind the flame front to occur. This explanation is pro- 
bably correct. Fraser [14, 1930] concluded that arrest 
occurred by reason of the combined influence of cooling of 
the flame products behind the flame front and pressure 
built up ahead of the flame leading to rapid local altera- 
tions of pressure, causing movement of the gases en masse 
independent of the flame but set up by it. 

In slow-burning mixtures, after the ‘arrest’ the flame 
may progress almost uniformly to the end of the tube. 
During this stage the flame envelope is found to have a 
trumpet-like form with the narrow end away from the 
direction of travel. A photograph obtained by Ellis illus- 
trates this flame form (Fig. 10). It shows a series of snap- 
shots at intervals of 9-63 millisec. of flame in a mixture of 
13CO-f O 2 in a tube 32 cm. long by 4 cm. diameter, and 
also, for comparison, a related graphical picture of a similar 
explosion. 

The more or less constant speed of the flame developed 
during the later stages of such an explosion seem to be 
established owing to a process of pressure stabilization 
determined by the condition of the environment. With 
fast-burning mixtures, after the first arrest the flame travels 
forward again with increased velocity, to be suddenly 
checked in an even more abrupt manner than during the 
first arrest. If the tube be long enough, this process is 
repeated until the flame reaches the end of the vessel. 

Fig. 1 1 is a graphical picture of the explosion of a mixture 
of 2 CO+O 2 in a tube 1-6 metre long by 2-5 cm. diameter 
ignited passively at one of the closed ends. It shows the 
flame accelerating from the point of ignition up to a speed 
of 60 metres per sec., which then falls to about 30 metres 
per sec. until at a distance of 32 cm. from the ignition-point 
it is suddenly checked and reversed in direction. It then 
travels forward again at a speed of approximately 90 metres 
per sec. for a further distance of 43 cm., whereupon it is 
again arrested and its direction momentarily reversed. 


Subsequently it advances again, to be checked several times 
before reaching the end of the tube. The total time taken 
for the flame to travel to the end of the tube was 24*5 
millisecs. 

3. Compression Waves in Closed-tube Explosions. 

In this photograph it should be noted that at the point 
of the second arrest a compression wave is seen to pass 
through the flame envelope and enter the burning medium, 
making itself visible by increasing the luminescence of the 
hot gases in its path. This wave is reflected from the end 
of the tube back towards the flame front. At the flame 
front it is partly reflected back again into the burning 
medium and partly transmitted through the unhurnt medium 
to the far end of the tube, where it is reflected towards the 
flame front again (Fig. 12). Upon striking the flame front 
the flame is suddenly halted as before. It is seen, therefore, 
that, whereas the first arrest as before slated is due to an 
initial gas surge, the second and subsequent arrests of a 
more abrupt nature are due to the passage of a compression 
wave, continually reflected from the end of the tube, col- 
liding with the flame front. 

When the same tube of explosive mixture is fired pas- 
sively at the centre of the tube, the flame will proceed in 
both directions towards the ends of the tube. Fig. 1 3 shows 
such an explosion. The flame is seen to progress in exactly 
the same manner in either direction from the point of igni- 
tion. A series of ‘arrests’ occur caused by the same series 
of events as above described, with the distinction, however, 
that now two original compression waves are produced, 
which, upon entering the flame envelope are reflected back- 
wards and forwards within it. The time for the flame to 
reach the ends of the tube in this case was only 16-2 millisec. 
compared with the previous 24*5 millisec. for the first 
example. 

The two waves created by this position of ignition 
initially travelling in opposite directions may coalesce early 
during the passage of the flame, with the result that later 
stages of the combustion are influenced by only one com- 
pounded wave traversing the tube from end to end. This 
coincidence of waves increases the displacement of the 
gases by the wave and decreases the number of wave pas- 
sages per sec. through the vessel, whereas if the two waves 
never coalesce, the resultant flame motion is generally 
faster and the combustion more disturbed and rapid. The 
passage of compression waves during the early stages of an 
explosion while the flame envelope is moving through the 
mixture must necessarily be very complex owing to three 
main causes: (1) the varying densities of the different areas 
of unburnt and burning gases; (2) the varying velocities of 
gas movements due to pressure difference; (3) the fact that 
any wave may be totally or partially reflected at a flame 
surface. 

The fortuitous production of a single compression wave 
during the early stage of flame propagation in an explosion 
will have a great influence upon its further development. 
Furthermore, extremely small differences in form of the 
combustion space may greatly influence compression-wave 
reflections and the course of the explosion. 

The mechanism of the production of the initial com- 
pression wave in the type of explosion just described is not 
clear. It may be said, however, that the wave originates 
at a time just after the initial ‘flame arrest’ indicated in 
Fig. 12. In all probability it results from a flame dis- 
turbance caused by the same gas movement that produce 
the first arrest. 
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Fig. 12. Diagrammatic representation of Fig. 11 showing the 
initial compression wave (heavy arrowed line) being reflected from 
the flame surface producing at first two and subsequently three waves 
traversing the tube during the later stage of combustion. 

The amount of turbulence produced by the passage of 
these compression waves will depend upon: (1) their num- 
ber, (2) their velocity, and (3) the length of the vessel. The 
number of waves surviving will be dependent mainly upon 
the position of ignition and the shape of the reflecting sur- 
faces within the vessel. The length of the vessel and the 
wave velocity will control the number of passages through 
the medium in a given time. The velocity of the wave will 
be dependent upon its intensity and the temperature and 
density of the medium. 

When a similar explosion to that depicted in Fig. 13 is 
made to occur in a tube one-quarter the length, i.e. 0*4 
metre long (Fig. 14), the later stage of combustion after 
the flame arrest is disturbed by the much more frequent 
passage of the two waves obtained by this midway position 
of ignition. A further analysis of this later stage at a greater 
film velocity is shown in Fig. 15. This picture represents 
1*5 millisec. of the phenomena in a 2C0-f-02-f 2 H 2 explo- 
sion in a closed tube 35 metres long. The two compression 
waves both having velocities of approximately 1,000 metres 
per sec. are seen being continually reflected from the ends 


and crossing in the middle of the tube. The successive 
displacement of the burning gases backwards and forwards 
is clearly seen. 

4. Explosions in Closed Tubes with Very Fast-burning 

Mixtures. 

Where the explosive mixture is of such a composition 
that its rate of burning is extremely high, the flame oscilla- 
tions or ‘arrests* just spoken of may not occur. The flame 
may accelerate immediately up to a velocity much greater 
than the velocity of sound, eventually approaching that of 
detonation. Fig. 16 illustrates such a case. The picture 
shows the explosion of a mixture of two parts of ‘knall 
gas’ to which has been added one part of acetylene 
2 ( 2 C 0 "h 02 )H-C 2 H 2 to raise the rate of burning; in a tube 
1-6 metres long by 2-5 cm. diameter ignited passively at the 
centre. The flame is seen to accelerate without change 
almost to the ends of the tube where detonation ensued. 
Powerful reflection waves are seen to pass backwards to- 
wards the centre from both ends of the tube, the greater 
part of the combustion taking place in their path, and the 
tube is instantly shattered. 

The Effects of Shock Waves upon Flame Movements 
up to the Development of Detonation 

It has long been known that a column of explosive 
mixture, confined in a narrow tube of sufficient length and 
closed at one endy detonates more quickly when ignited 
near the closed end than when ignited at the open end. 
H. B. Dixon in 1903 advanced the view that this more 
rapid attainment of detonation was due to a wave from 
the initiating spark being reflected from the closed end of 
the tube and overtaking the flame from behind, thereby 
accelerating it. Experiments by Bone and Fraser [1, 1929] 
were undertaken to study the effects of mechanically pro- 
duced shock waves shot at successive intervals into the 
burning mixture from behind the flame. Both the inten- 
sities and time intervals between successive waves were 
variable and under control. 

(a) The Effect of Shock Waves upon Flames travelling 
at a Velocity below that of Sound 

In their experiments the mean velocities of the shock 
waves for the first 50 cm. of travel were found to be between 
340 and 420 metres per sec. according to the nature of the 
spark source producing them. 

After a small initial acceleration of the flame a sub- 
stantially uniform velocity was attained, when it was found 
that the passage of a shock wave through it caused an 
immediate change in this velocity to a second and higher 
almost uniform velocity. A succession of such shock waves, 
sent into the explosion at a relatively great rate (200-400 
per sec.), caused the flame to increase in velocity in a series 
of successive steps, each of uniform type, until the flame 
had attained such a speed that no further wave could over- 
take it. The difference in velocity between two successive 
stages of uniform motion was found to depend upon the 
relative velocities of flame and shock wave, and upon the 
intensity of the shock wave measured in terms of its 
velocity. 

Using more intense waves produced by detonators, a 
similar sequence of events occurred, but much larger 
changes in velocity were observed. The velocity of the 
flame quickly, and sometimes immediately, exceeded the 
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velocity of sound after being overtaken by one shock wave 
only, and no further sudden increases were observed other 
than in the pre-detonation stage. 

The fastest and therefore more intense shock waves in- 
creased the speed of flame in the greatest ratio ; similarly, 
the greatest increase occurred when the difference in velo- 
city between flame and shock wave was greatest. 

The immediate change in the luminosity of a flame front 
and products behind the front, after the passage of a shock 
wave, indicates an almost instantaneous rise in pressure in 
the flame, thereby increasing the temperature and rate of 
reaction. In other words, the reaction velocity is raised to 
a new level by reason of which a new and higher forward 
velocity can be maintained. It should again be emphasized 
that there is no very fundamental significance about these 
uniform velocities, as is evidenced by the variety of figures 
which can be obtained in differing circumstances. In fact, 
a uniform velocity is rather exceptional than otherwise, 
indicating a temporary balance in a given set of physical 
conditions. 

(b) The Motion of the Gases before Detonation. 

Should the rate of burning be such as to allow the escape 
of pressure behind the flame front, then uniformity may be 
maintained, but in other cases where burning is more rapid 
the pressure developed must expend itself by setting the gas 
in motion in front of the flame envelope as well as behind. 
There is thus created a pressure gradient ahead of the flame, 
and the flame burns through already moving gas. Strange 
as it must at first appear, gas velocities well over the velo- 
city of sound in the medium may be reached, and are 
measurable in explosion photographs. It must be con- 
cluded that this is made possible by the fact that the high- 
pressure centre which causes the gas to move is never 
moving relative to the gas at a velocity greater than that of 
sound. As soon as this did happen the gas motion would 
die away, and there would only remain a very steep pres- 
sure gradient just ahead of the flame. Experiments by 
Campbell and King [7, 1931] have shown that a pressure 
was discernible as far as 150 cm. ahead of a slow-moving 
flame starting from a closed end of a tube, while in the 
case of a 2CO 'l-Oa flame travelling at 100 metres per see., 
pressure was discernible 75 cm. ahead of it. In the cases 
of 2 CO-I-O 2 and 2 H 2 +O 2 detonations, no pressure gra- 
dient farther than 3*5 cm. ahead of the flame could be 
detected, and these two examples may be taken as charac- 
teristic of the two groups of striated and non-striated de- 
tonation photographs, which are referred to later. 

(c) Flames overtaking Shock Waves. 

It is evident that once a flame is moving relative to a 
combustible medium at a velocity greater than that of 
sound, it becomes possible for it to overtake a shock wave 
which may be travelling ahead of it. As has been pointed 
out, sudden changes in velocity during flame propagation 
arc caused by a shock wave overtaking the flame, and it 
would be expected that an abrupt change should be pro- 
duced when the flame overtakes a shock wave. Such is 
indeed found to be the case, and, in fact, the sudden initia- 
tion of detonation in gases is attributable to this cause. 

It may often happen, however, that the flame velocity 
is raised through overtaking a shock wave, but it may not 
be raised to a sufficiently high level for detonation to be 
established until a second or third wave is overtaken, 

(d) Auto-ignition. 

It has been observed photographically that the initiation 


2991 

of detonation in a tube is preceded by a condition in the 
gases ahead of the flame such that auto-ignition in them 
can occur (Fig. 17). That is to say, burning is suddenly 
and spontaneously initiated at a point which may be as 
much as 6 or 7 cm. in front of the main body of flame. Of 
the two new flame fronts so formed, one travels forward 
with an increased velocity, while the second new flame 
travels backward in the tube to meet the original forward- 
moving flame. At the point where they collide a shock 
wave is created which moves backwards through the still- 
burning medium. In those cases where detonation is ini- 
tiated this has been named the ‘retonation wave’ on 
account of its invariable reverse velocity from the point of 
detonation. It is, in fact, simply a shock wave. 

Auto-ignition, when first observed, was thought to be 
a photographic peculiarity. It is now thought to be caused 
by the combined influence of pressure and radiation upon 
the shock wave as it is overtaken by a flame in the pre- 
detonation stage. Increased pressure is supplied by the 
superposition of the pressure gradient normally ahead of 
the flame, upon the pressure of the shock wave (Bone and 
Fraser [2, 1931] and Campbell and King [7, 1932]. It has 
been recently suggested that simultaneously with the in- 
crease in pressure the radiation from the flame is absorbed 
by the comparatively dense gas layer constituting the pres- 
sure wave, producing ignition thereby (Bone, Fraser, and 
Wheeler [3, 1935]). 

The Detonation Wave. 

There can be little doubt that during the initial stages 
of an explosion the combustion in the flame front is 
comparatively incomplete and much combustion goes on 
behind it. In detonation, on the other hand, the chemical 
change concerned in the wave front occurs practically in- 
stantaneously and combustion is almost complete. Should 
the medium burn in distinct chemical stages, however, only 
the first stage may actually be concerned in the wave front. 
Under the extreme conditions of this mode of combustion 
it appears that successive layers of the explosive mixture 
are suddenly ignited by the combined action of adiabatic 
compression and radiation. 

Berthelot and Vieille (1881) made the important dis- 
covery that each particular explosive mixture had a definite 
maximum rate of explosion. When propagated at such a 
maximum velocity they termed the flame the UOnde ex~ 
plosive. They likened it to a sound-wave passing through 
the medium, with the difference that, whereas a sound-wave 
is propagated from layer to layer with a small compression, 
in the detonation wave there is propagated an abrupt 
change in chemical condition which generates an enormous 
force as it passes through each successive layer of the 
medium. About 20 years later this sound-wave theory was 
modified by Vieille. He regarded it as a special type of 
shock wave in which an abrupt change of pressure in the 
vicinity of the wave front is maintained by the adiabatic 
combustion of the medium through which it is propagated. 

Since its discovery it has been generally considered that 
in the detonation wave chemical change is propagated 
under the most intense conditions of temperature and pres- 
sure and, therefore, with the utmost rapidity; and it seems 
probable that practically all collisions between oxygen 
molecules and combustible in the flame front must be 
fruitful of change; accordingly the flame is highly luminous 
and of extremely short duration. 

For example, the flame velocity in a tube during the 
initial uniform stage with a mixture of 2 CO+O 2 saturated 
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at IS"" C. is about 0*3 metre per sec., whereas its detonation 
velocity is 1,760 metres per sec. under the same conditions. 
Similarly, a 3% pentane-air mixture has an initial flame 
speed of approximately 0-8 metre per sec. and a detonation 
velocity of 1,780 metres per sec. Combustible gas mixtures 
with oxygen may have detonation velocities up to c. 3,500 
metres per sec. 

Berthelot concluded that the detonation waves had a 
constant velocity for the one and the same explosive mix- 
ture at a given temperature and pressure which was inde- 
pendent of direction of travel and diameter of tube. 

The Spinning Detonation wave* 

Prior to the year 1926 investigators had concluded that 
the wave front in detonation was homogeneous as regards 
pressure temperature and chemical action. Campbell and 
Woodhead [8, 1926], in photographing certain detonation 
flames, discovered the so-called phenomenon of ‘spin’ and 
directed attention to the unusual appearance of the graphi- 
cal photographic record of detonation in a mixture of 
2C0-f-02. The flame edge in this record presented a regular 
undulatory appearance, but the mean rate of progress of 
the wave was uniform and characteristic of the explosion 
wave in this mixture. The apparent propagation was in 
spurts, each spurt taking place at approximately equal 
intervals in the tube. The frequency of the undulation in 
such a photograph was of the order of 45,000 per see. 

The major portion of the luminosity behind the wave 
front was segregated into bands, each of which appeared 
to have its origin in one of the undulations of the wave 
front. The bands appeared to be equally spaced; they were 
usually straight in some records, but definitely curved in 
others. They were inclined at a small angle to the hori- 
zontal, suggesting a reverse motion at some tens of thou- 
sands of metres per sec. Fig. 18 shows such a photograph. 
It is of the detonation in a 2 CO+O 2 in a tube 13 mm. bore 
and shows the wave travelling at a constant velocity of 
1,760 metres per sec. It shows the undulatory flame edge 
referred to and also the banded appearance in the luminous 
gases behind the wave. 

Later photographs obtained by Campbell [5, 1928] and 
contemporaneously by Bone and Fraser [I, 1929] show 
that the curious banded appearance of the photograph is 
given by all CO-O 2 detonations (e.g. 3CO-f O 2 , 4CO-f O 2 , 
CO-I-O 2 , 2COH Oa+Nj) and also by those of the detona- 
tion in certain mixtures of oxygen and methane, ethane, 
ethylene, carbon bisulphide, or cyanogen, but not by those 
of hydrogen-oxygen media. Recent work has shown that 
with hydrogen-oxygen media spin is discernable near the 
limits, or by those of 2CO-I O 2 when upwards of a small 
percentage of Ha (about 10%) is added. 

It has now been proved beyond any doubt that the origin 
of the undulations and striations in the photographs is the 
rotation of some part of the flame. Other suggested origins, 
such as periodic motion of the camera, longitudinal vibra- 
tions in the tube, transverse vibrations of the tube, and 
others, have been definitely eliminated. Recently it has 
been shown, in conformity with the flame rotation theory, 
that a glass tube silvered on the inside surface shows a keen 
cut helix after the passage of a 2C0-b08 detonation wave. 
The pitch of the helical track varies with the internal dia- 
meter of the tube; the ratio LjD (L = pitch, D = diameter 
of the tube) remains constant at approximately 3 0. It is 
probable that other mixtures than 2 CO-I O 2 would yield 
a similar constant ratio, but few other mixtures produce 


spiral records of such clarity and regularity, and in con- 
sequence the large proportion of investigation into this 
phenomenon has been carried out with carbonic oxide 
mixtures. 

There has been— and there still is in some quarters- 
some doubt as to exactly what is rotating inside the tube. 
The problem has partly resolved itself into a question as 
to whether the whole body of gas in the explosion tube is 
rotated. The rotational speeds in question are extremely 
high. The first explosions of this type analysed, namely, 
2 CO+O 2 , showed that the speed of rotation in a tube 
13 mm. bore was 44,000 rev. per sec. More recent experi- 
ments with other explosive mixtures have shown rotational 
speeds as high as c. 500,000 rev. per sec. Furthermore, 
there has still remained the somewhat puzzling banded 
appearance of the graphical record. The suggestion has 
been strongly upheld for some time (Campbell and Finch 
[6, 1928]) that the luminous bands represent a scries of 
instantaneous pictures of a tail or track of the highly 
luminous ‘head’, the whole body of luminous gas rotating, 
producing in effect an extremely rapid shutter action. This 
would result in a series of dark and light bands in a graphi- 
cal record. To those who doubted the probability of the 
gas in the tube rotating at the high speed referred to (Bone 
and Fraser [2, 1931]) the origin of the bands was admittedly 
a mystery, and they were unable at the time to put forward 
any adequate alternative explanation. They maintained 
that the only helical motion was that of a most intense 
centre of combustion at the very head of the explosion 
wave which followed a helical track, through stationary 
gas, the main burning of the gas originating from this helix. 

It will thus be seen that two distinct views of the internal 
mechanism of the phenomenon were put forward by dif- 
ferent schools of thought, neither completely satisfying, but 
each supported by a considerable body of circumstantial 
evidence. An attempt was made to calculate the frequency 
of spin to be expected with a given detonating mixture in 
a tube of any defined size, by Shtsholkin in 1934 [20]. This 
calculation was based upon the assumption that the mass 
of gas moves spirally, and the figures obtained agreed quite 
well with those obtained experimentally. The calculation, 
however, can be seriously criticized on the grounds that 
the assumptions made therein, while perfectly legitimate at 
normal rotation speeds, would probably be completely 
invalidated by the enormously high speeds encountered in 
the circumstances considered. 

A more complete explanation of the phenomenon has 
only very recently been formulated by Bone, Fraser, and 
Wheeler [3, 1935]. It may possibly be criticized on the 
grounds of insufficient evidence, although as a whole it is 
quite consistent and well substantiated. In brief, it may be 
said to support the idea that the head of detonation alone 
follows a helical track rather than that the body of the gas 
rotates as a whole. 

They suggest that under certain conditions any com- 
bustible gas will exhibit spin in detonation, the main condi- 
tion being that the mixture must be such as to be capable 
of burning at an increased rate when compressed and 
excited by radiation; the limit being reached when the 
molecules just about to be burned are completely excited. 
It is also suggested that more rapid and thus more intense 
burning will produce locally more intense radiation, which 
will have the effect of increasing still further the rate of 
burning of the gas nearby, up to the limit just named. 
When a shock wave is being caught by a flame it may 
become ignited when the flame is still some distance behind 



} k;. !7. Auto-ij;nition in a mixture of 2CO ; O, 
in a tube 1-3 cm. bore resultini^ m the establishment 
ol'the detonation wave. (Hone, f raser, and Wheeler) 


hic,. IS I he spinning detonation wave in 
a mixture ofZCO 0_, in a tube 1-3 cm. diameter. 
Rotational speed 44 000 per see. Detonation 
speed 1,760 m. per see. tl'raser) 



Fi(,. 19. High-speed analysis of the spinning detonation wave in 2CO 
show ing the lu>ri/ontaI bands m the photograph to be composed of luminous 
patches produced by the ci iss-crossing of two sets of luminous diagonal lines, 
(lime represented by picture I 10,00(^ sec.) 



Fig. 20. Instantaneous direct shadow snapsht>t of the shock wave ahead of the tlame at the instant before detonation. 

(Fxposure • 10 sec.) (Fraser) 
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it. This is the familiar phenomenon of ‘ignition ahead’ 
already described. It gives good ground for the assump- 
tions made above. 

If an explosion wave in such a mixture is travelling along 
a tube, it may be assumed that originally the flame front 
is a plane perpendicular to the tube axis. By symmetry the 
radiation in front of the flame is a maximum near the 
centre of the tube, and in consequence of this the burning 
will be more rapid near the axis. The flame front will tend, 
therefore, to become attenuated or cone-shaped. On this 
assumption the point of the cone is necessarily the seat of 
the most intense burning in the front and also the seat 
of the most intense radiation, so that the tendency is for 
it to become more and more elongated and not to return 
to its original plane form. Since, however, radiation from 
the whole of the front is effective in exciting the gas ahead 
even near the point, it is impossible for the cone to burn 
to an unlimited attenuation, and it will quickly reach a 
limiting position ahead of the main body of flame, but still 
supported by the main bulk of radiation. The mixture 
having still the potentiality for burning at the high rate 
made possible by the radiation, the rate of burning at the 
point can be maintained indefinitely at the highest speed 
at which it will bum, so long as it remains near enough to 
the body of the flame to receive its supporting radiation. 
It is quite clear that for the two levels or rates of burning 
to be maintained together the point must move cross- 
sectionally in the tube so as to traverse a longer path than 
that of the main body of the flame. The simplest possible 
path for it to follow is along a helix. Because of its signi- 
ficance both here and later it should also be noted that on 
account of the extremely rapid rate of burning there will 
be a very steep pressure gradient just ahead of the flame, 
and it is the fact that the flame is burning into this already 
compressed (as well as excited) gas which maintains this 
high rate of burning. If through any cause whatever the 
rate of burning should be slightly diminished, the pressure 
wave will continue to travel onward at its original speed — 
although this will gradually decline to the velocity of sound 
— and the forward velocity of the flame may fall to a com- 
paratively low value through the temporal^ separation 
from the pressure it had built up. It will, of course, 
eventually catch up the lost pressure wave, and redetonate. 

The banded and striated appearance of the photographic 
records is now explicable without the necessity of the 
assumption that the gases as a whole rotate. It has recently 
been shown, by taking graphical pictures at very high film 
speeds by means of The Fraser High-speed Mirror- 
Camera, that the nearly horizontal light bands, seen in 
the older pictures, can be resolved into a series of spots of 
enhanced illumination, arranged horizontally, produced by 
the criss-crossing of two sets of luminous lines inclined in 
opposite directions (Fig. 19). From their appearance in the 
photographs it is clear that the forward set is produced by 
bunches of burning molecules travelling forward in the 
explosion tube, while the backward set is produced by 
pressure waves. Both sets appear to originate in the wave 
front, and there appear to be two pairs produced during 
each helical rotation. It is not immediately obvious that 
this discovery is of much assistance in deciding the source 
of the bands, for it is difficult at first to see any com- 
patability between the continuous spiral motion as proved 
by the silver cut-helix, and the discontinuous nature of the 
recurring pressure waves. 

It can be shown geometrically, however, that as the point 
of the flame cone travels along its helical path, starting 
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from any point in the tube and then considering the posi- 
tion when it has moved through half a pitch, there will be 
a small pocket of unburnt gas enclosed on three sides by 
flame. It can be fairly assumed that this pocket of gas 
would explode spontaneously in these circumstances, giving 
rise to a pressure wave, and producing a local incandescent 
mass of gas which would be carried forward by the rush 
of burning medium behind the front. The process would 
be repeated indefinitely, but not necessarily at exactly half- 
rotation intervals, though nearly so. 

If any further proof were needed that the mass of gas 
as a whole is not rotating, it is afforded by the fact that 
photographs have recently been obtained which show all 
the characteristics of spin, though the detonations took 
place in tubes of triangular square and rectangular cross- 
section. It must be admitted that there is little likelihood 
of the gas rotating at the same speed in these conditions 
as it would in a circular tube; and in further support of 
the view outlined above, which assumes no dependence 
upon the burning of any particular gas to produce the 
spinning detonation-wave, it has recently been shown that 
several gases hitherto regarded as having non-spinning 
detonation-waves show well-defined spin when mixtures 
near the detonating limits are exploded. The case of pen- 
tane with air or with oxygen can be quoted as a charac- 
teristic example. 

Furthermore, by means of instantaneous direct shadow- 
snapshots recently obtained, both the detonation wave and 
the shock wave before the instant of establishment of 
detonation have been photographed. These photographs 
confirm the new view outlined and show no evidence of 
rotation of the high-pressure gases as a whole. They show 
clearly the shock wave ahead of the flame at the instant 
before detonation, and that at this time it exists as a flat 
disk at right angles to the tube axis (Fig. 20), but that in 
the spinning detonation wave the flame front is attenuated 
and the pressure distribution is more complex. Further 
work, however, is necessary before the true contour of the 
wave front can be determined with exactitude. 

The most recent work shows that spin is of quite general 
occurrence in gaseous detonation in the tube, and that for 
all gases mixed with oxygen or air there is a fixed relation- 
ship between the helical speed of the rotating part of the 
wave and the forward speed of the wave, and it is thought 
that the head of detonation follows a helical path of almost 
exactly the same pitch for all detonating gas mixtures. 

^ Detonation ’ in Engines. 

The use of the term detonation in connexion with 
‘knock’ in engines has become widespread. This is perhaps 
unfortunate, for in the strict scientific sense it is very doubt- 
ful whether true detonation could be produced in an engine 
combustion chamber under working conditions. Many 
authors have gone even farther and distinguished various 
so-called varieties of detonation wave, using the terms 
‘knocking’, ‘pinking’, ‘bumping’, &c., to describe the 
various noises associated with these modes of burning. 

It seems unnecessary to consider the establishment of 
a detonation wave (as described in the previous section) as 
being the explanation of the high rate of burning involved 
in a knocking explosion. Such high rates arc more easily 
explained by reason of the presence of compression waves. 
It has previously been shown that all explosions of a vibra- 
tory or turbulent nature, whether quiescent initially or not, 
produce compression waves at some stage during the flame 
progress, resulting in the later stages of combustion being 
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largely influenced by them. By analogy, therefore, it seems 
probable that, in the engine where the hot compressed gases 
ahead of the flame are unstable in the sense that pre- 
oxidation has to some degree occurred and highly inflam- 
mable centres have been produced (cf. other articles of this 
series), such a wave would spontaneously ignite the gases 
in its path either at its first passage or at some later one, 
resulting in an extremely rapid combustion akin to detona- 
tion. Furthermore, a compression wave in the relatively 
short combustion chamber of an engine would have an 
extremely high frequency of reflection from the walls, giving 
rise to audible vibration of the metallic parts. Pressure 
diagrams of explosions exhibiting ‘knock’ show rapid 
oscillations at the indicator. It is reasonable to suppose 
that these transient pressures result from the continually 
reflected pressure waves of high intensity. According to 
the temperature of the medium a wave may have a velocity 
as high as 800 to 1,000 metres per sec., so that, for example, 
in a combustion chamber 3 in. long a frequency of reflec- 
tion of over 10,000 per sec. would be possible during the 
later stages of burning. Such a high frequency of repeated 
wave compression and disturbance of the flame gases could 
only lead to complete and extremely rapid burning. 


Pressure waves will lose their energy mainly by the pro- 
cess of reflection and interference. The process will be 
relatively slow, so that once formed, the waves are difficult 
to remove or destroy. It is evident, however, that the form 
of the combustion chamber will have considerable influence 
in this respect. 

It is now generally accepted that centres of high energy 
in the unburnt gases may be promoted by both normal 
compression in the engine and any sudden local rise of 
temperature and pressure, as may be caused by hot areas 
of the combustion-chamber wall or through the additional 
compression of part of the gases ahead of the flame enve- 
lope. Inhibitors of the initial combustion occurring at 
these centres of activation in the unburnt gases will mini- 
mize or even prevent the spontaneous ignition by a com- 
pression wave. 

Although the presence of compression waves in an ex- 
plosion may be influential in promoting ‘knock’, it is not 
necessary to suppose that their presence is an assurance 
of it, for it is probable from what has been seen in the 
laboratory that all gaseous explosions are complicated by 
such waves. They must, however, be taken into account 
in any explanation of the phenomenon. 
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9. FLAMES OF HIGH-SPEED DETONATION 

By Professor P. F. LAFFITTE 

University of Nancy 

This article deals with the propagation of flame at velocities the explosion wave is characterized by the union of the 
greater than 1,000 m. per sec., i.e. by the mechanism of shock wave and of the flame. For this reason one can 

the explosion wave (detonation). It deals particularly with sometimes speak of the explosion wave being at the same 

the promotion and propagation of the explosion from the time a shock and combustion wave (Jouguet [28, 1907]). 

experimental and only slightly from the theoretical point of It is a chemical reaction (limited at times owing to chemical 

view. It ends by citing a certain number of cases where equilibrium by back reaction) which is propagated in 

propagation of flames have been observed having velocities the explosion wave and which communicates to the moving 

which, although inferior to those of explosion waves, arc system a considerable excess of velocity, while the sound 

nevertheless greater than those of normal combustion (uni- wave is only transmitted with a very slight excess of pres- 

form movement of flame). Whenever possible the pheno- sure and a velocity determined only by the physical con- 

mena studied in the laboratory are compared with those stitution of the vibrating medium. The velocity of the 

observed in internal-combustion engines. This leads to the explosion wave is also much greater than that of sound 

consideration of the phenomenon of ‘knock’. But this wavestransmittedin the same medium (Berthelot [2, 1882]; 

question is not treated in entirety, as it is discussed in other Dixon [15, 1893]). However, the explosive wave is pro- 
articles. The discussion is limited to the comparison of the pagated in a given medium with a constant velocity in the 

velocity of flames in engines with that of the explosion same way as the sound wave. In the case of the sound 

wave; the author’s personal opinion, based mostly on his wave a train of waves is propagated, while the explosion 

own experiments, is given and the article discusses the phenomenon gives place to a single wave. In the internal- 

possibility of the promotion of a true explosion wave in combustion engine the normal regime corresponds to a 

the combustion with knock of combustible mixtures in simple combustion, and it is only in quite exceptional 

engines. Similarly, allusion has only been made to the fol- cases that favourable conditions for the development of 

lowingsubjects, which are discussed elsewhere: to vibratory a true detonation would present themselves. These con- 

flames and shock waves, and to waves which give striae on ditions would be realized according to certain theories 

the photographic records (only alluding to the author’s own when ‘knock’ is set up. This point will be referred to 

work on this subject). The influence of radiation, ioniza- later. During the last 12 years a great number of investi- 

tion, and temperature of explosion have not been discussed, gations have been made in order to study this question, 

as most of the experiments on these subjects relate rather A resume of the principal results of these will be given, at 

to combustion than to detonation. the same time referring to investigations which have had 

a purely scientific aim. But first a few brief references will 
Explosion Wave (Detonation). be made to theories of the explosion wave. 

In 1881-2 Berthelot and Vicille [3], on the one hand, and rr. . r l '.r i r 

Mallard and Lc Chatelier [41 , 1883], on the other, measured Theories of the Velocity of Detonation. 

velocities of propagation of combustion which were in fact Berthelot [2, 1882] related the velocity of propagation of 
greater than any velocity of combustion which had pre- detonation to the mean kinetic velocity of the molecules 
viously been observed. While velocities of the order 1 m. in gases raised to a high temperature by the combustion 

per sec. were the highest then known, the experiments of which takes place at the front of the wave. But velocities 

the above authors showed that in certain conditions and so calculated differ often to a rather large extent from the 
for certain combustible mixtures, explosive phenomena can velocities determined experimentally, 
be propagated at velocities of several thousand metres per Dixon [15, 1903] obtained belter results by comparing 
sec. (the velocity being definitely uniform for a mixture of the velocity of the explosion wave and the velocity of sound 
definite composition). in the same gaseous mixture. 

These results led Berthelot to conceive of a new way in But the true theory of the explosion wave is due to 
which explosive phenomena could be propagated, i.e, pro- Chapman [13, 1899] and to Jouguet [28, 1905]. Both of 

pagation by an explosion wave corresponding to detona- them started from the work of Hugoniot [26, 1887] on the 

tion of the gaseous mixture. Two possible methods of propagation of shock waves in inert fluids, when no 

decomposition had already been postulated for solid ex- chemical reaction takes place. 

plosives (Roux and Sarrau [49, 1873]). Berthelot thought According to the theory of Hugoniot, any movement in 
that the propagation of detonation was not simply by a gas which is at rest propagates itself with a velocity equal 

thermal conduction, as in ordinary combustions, but that to the normal velocity of sound so long as no discontinuity 

it took place by the following mechanism (this has been is produced (as, for example, by a sudden rise in pressure), 

confirmed by many later experiments). A layer of gaseous But if there is a discontinuity (as happens when a shock 

mixture being rapidly taken to a high pressure, its tempera- wave is propagated or when a layer of the gaseous mixture 

ture increases until the ignition-point is reached, when passes from the initial pressure to a pressure which may 

combustion takes place. This results in compressing the be very high), each of the layers which are affected undergo 

next layer which then bums, the effect being that in the a sudden change of pressure and consequently of density, 

explosion wave combustion is transmitted along with If the discontinuity is produced in a way which compresses 

the wave of high pressure. Thus there is a juxtaposition the gases, the velocity of propagation is faster than the 

of mechanical and chemical phenomena; in other words, velocity of sound. In order to explain the detonation, 

R r 
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Chapman, and also Jougiiet, postulated that the trans- 
mission of the pressure entailed a chemical change in the 
medium. Jouguet also allowed that the chemical reaction 
took place on the front of the explosion wave, and that 
the gases in question were perfect gases, but he postulated 
that the specific heat was a function of the temperature. 
He also took into account certain experimental conditions 
(uniform velocity, &c.). The velocities so calculated are 
often very near those determined experimentally, and from 
that point of view this theory is quite satisfactoo'. 

Many different theories have been put forward recently 
(Semenoff [50, 1928]; Garner [24, 1930]; Lewis [39, 1930]; 
Muraour [44, 1932]; Andreef [1, 1933]), all based on the 
transmission of reaction by chains. Only the theory of 
Lewis enables the velocity of detonation to be determined. 
This author starts with the principle of the equi-distribu- 
tion of energy between the different degrees of freedom of 
the products of the elementary reaction. He calculates the 
velocity of propagation of these products from the quantity 
of energy corresponding to their degree of kinetic freedom, 
and in some cases the results obtained are in excellent 
agreement with the experimental results. 

These theories have sometimes been objected to on the 
ground that they should be equally applicable to com- 
bustion as to detonation, but would give too great velocities 
for ordinary propagation. Perhaps this criticism is better 
justified for the molecular than for the hydrodynamic 
theories, as the latter are based on the rapid rise of pressure 
in front of the explosion wave, and the theory of Jouguet 
in particular allows one to differentiate combustion from 
detonation [29, 1913]. 

Experimental Methods for studying Detonation. 

Measurements of velocities of detonation can be made 
with precision by chronographic methods (Berthelot [3, 
1882]; Dixon [15, 1893]), or by photographic methods. 
This latter method, first employed by Mallard and Lc 
Chatelier [41, 1883], is now generally used. It not only 
determines the velocity of the wave, but is of use in the 
study of all the phenomena which accompany the forma- 
tion or the propagation of detonation. It has rendered, and 
is still rendering, valuable information on these points. It 
consists in photographing the propagation of the luminous 
phenomenon on a film moving with a known velocity 
(rolled, for example, on a revolving drum). The only objec- 
tion which might be made against the method of Mallard 
and Le Chatelier is that it only allows of the recording of 
flames of sufficient actinic power to influence the sensitive 
film. But for flames with poor or no luminosity photo- 
graphic methods have been devised recently (White [53, 
1928]; Payman [46, 1926]; Laffitte and Patry [36, 1930]) 
which have not yet rendered all the service which may 
be legitimately expected from them. They arc adapted 
from the Schlieren or the shadow methods, and are 
based on phenomena of refraction of light; a photograph 
of the front of a non-homogcncous flame or of a shock 
wave is obtained by means of the deviation of a part of the 
rays of light coming from an auxiliary luminous source; 
on the photograph a line (dark on the positives and light 
on the negatives) is obtained by interference with the 
image of the luminous bundle of rays from the auxiliary 
source (cf. Article 8 in this Section). 

Setting up of Detonation — Detonating Mixtures. 

All combustible gaseous mixtures do not detonate, i.e. 
give place to the propagation of an explosion wave. This 


is particularly so in the case of mixtures of air with illu- 
minating gas or with a large number of hydrocarbons. 
With oxygen, on the contrary, most of the hydrocarbons 
give an explosion wave, even for concentrations of gaseous 
mixtures some way from the theoretical concentration 
(Dixon [15, 1903]). If nitrogen is added to the mixture, it 
usually loses its detonating quality before the proportion 
of nitrogen is reached corresponding to the composition 
of air. It may be noted that a mixture may not be sus- 
ceptible to detonation at atmospheric pressure, but may 
give an explosion wave at a suitable pressure. There is as 
yet no direct experimental confirmation of this fact, but 
it is a consequence of the results of researches on the in- 
fluence of pressure on the formation of an explosion wave. 
Finally there arc no experiments recorded on detonation 
in mixtures to those used in internal-combustion engines 
for precisely similar pressure and temperature conditions 
(cf. Article 1). 

Detonation Limits. 

An explosion wave is only formed between certain well- 
defined limits in a suitable mixture, and these are called 
limits of detonation, Wendlandt [52, 1 925] determined the 
lower limits of detonation in hydrogen-air and carbon 
monoxide-oxygen mixtures. Laffitte and Breton [33, 1934] 
have recently undertaken the systematic study of the deton- 
ating region in a certain number of gaseous mixtures. But as 
in the neighbourhood of the limits the detonation pheno- 
menon does not provide sufficient light to be photographed, 
they were obliged to employ the method using auxiliary 
lighting in which the front of the explosion wave is regis- 
tered by a very fine mark on the photograph, by the intcr- 



Fig. 3. Lower limit of detonation for the mixtures of carbon 
monoxide-hydrogen-oxygen. 

ruption of the light from the luminous source (Figs. 1 and 
2). The following are the results obtained with mixtures 
at 1 atm. pressure (tubes 14 mm. internal diam.). 

I Lower limit \ Upper limit 
I {Vo of combustible gas 


Mixtures 

1 in air or 

oxygen) 

Ha-Oo 

i 

90 

Ha — air 

1 18-3 

58-9 

O 

P 

! 

C 

38 


(CO + Ha)---Oa 

17-2 

91 

(CO^ Ha) — air 

19 

58-7 

(QHa)~-Oa 

3-2 

37 

Iso-C4H,o— Oa 

2-8 

311 

NHa— Oa 

25*4 1 

'75-4 

CaHj—air 

1 40 

51 
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The presence of small quantities of a foreign gas can 
modify to a great extent the detonation limits of gaseous 
mixtures (Laffittc and Breton [33, 1934]). Thus the replace- 
ment of 2% of carbon monoxide by an equal quantity of 
hydrogen lowers the lower limit of detonation in mixtures 
of CO and oxygen from 38 to 28*4%. After this, further 
amounts of hydrogen produce less and less important 
effects (Fig. 3). 

Mechanism of the Formation of an Explosion Wave. 

It is interesting, both from the theoretical and practical 
points of view, to see how the explosion wave is set up in 
the detonating mixture. Actually detonation is not set up 
instantaneously after the action of the igniting agent 
(usually an electric spark). Thus in a cylindrical tube a 
flame is first propagated of which the velocity increases. 
In certain cases this flame may be subject to vibrations of 
larger or smaller amplitude (Mallard and Le Chatclier [41, 
1883]). Then at a given moment the explosion wave is 
suddenly set up, usually without there being continuity 
between the velocity of the propagation of the flame and 
that of the explosion wave (Fig. 4). From this moment the 
flame is propagated at a strictly uniform velocity (Fig. 5). 
The explosion wave being formed by the juxtaposition of 
a flame and a compression wave, the detonation is set up 
at the moment when the flame front and the front of the 
compression wave coincide. At the moment when the mix- 
ture is ignited the expansion of the burnt gases in the first 
gaseous layer compresses the second layer before the latter 
is ignited. Moreover, in many cases the electric igniting 
spark gives rise to the formation and propagation of a com- 
pression wave, but it is much weaker than that which is 
formed at the time of ignition. Thus a compression wave 
precedes the flame. The velocity of the flame is increasing, 
as is shown on all the photographs. A moment arrives when 
it overtakes the compression wave, and this is the instant 
when the explosion wave is set up. Payman [45, 1928], 
however, while photographing the shock wave at the same 
time as the flame, observed that the compression wave 
which set up the explosion wave originated in the gases 
which had already been traversed by the flame and in which 
combustion had already started. In other experiments, 
however, it has been observed that detonation could be set 
up at a point before the arrival of the flame: for example, 
Campbell and Woodhead [12, 1926] by placing an obstacle 
in the tube, and Laffitte and Dumanois [34, 1926] by increas- 
ing the pressure (Fig. 6). Jouguet [28, 1907] and Crussard 
[29, 1914] explain this phenomenon in the following way: 
During the variable predetonation period the compression 
wave becomes moditied as it goes forward. If the discon- 
tinuity that it is propagating is accentuated, a moment 
arrives when the temperature reached at the front of the 
wave is such that ignition occurs without delay. At this 
moment there are propagated (1) towards the front a shock 
and combustion wave which is in fact the explosion wave, 
and (2) in the backward direction, a retrograde wave which 
sets up combustion in the part of the mixture between the 
compression wave and the flame, and which, after its en- 
counter with the flame, continues to be propagated in the 
half-burnt gases as a compression and combustion wave. 
This phenomenon has also been obtained by Laffitte [31, 
1925] when the interior walls of the cylindrical tube in 
which the explosion is propagated present irregularities; as 
these irregularities favour an increase of pressure in the 
front of the compression wave, they cause a kind of 
auto-ignition of the mixture leading to detonation at a 


point which the flame has not yet reached. As a result the 
detonation is much more quickly set up in a tube with 
rough than in a tube with perfectly smooth walls (all other 
conditions being the same). 

Influence of various Agents on the Setting up of 

Detonation. 

The setting up of the explosion wave naturally depends 
on the igniting system (flame, hot walls, adiabatic pressure, 
electric spark, &c.), and in the case of an electric spark its 
powerfulness has a great influence on the setting up of the 
detonation. Thus the detonation is not definitely set up 
unless the spark is sufficiently powerful, otherwise the 
variable period which precedes it may be prolonged for 
some little time (Berthelot [3, 1883]; Dixon [15, 1903]). 

For a given mixture the concentration of combustible gas 
has a great influence on the length which the flame traverses 
before setting up the explosion wave (Le Chatelier [37, 
1900]). In many cases it is not in a mixture of stoichio- 
metric composition that detonation is most rapidly set up. 
Often it is in a mixture richer in combustible gas than the 
theoretical mixture that the length of the combustion pre- 
ceding the setting up of detonation is at a minimum. This 
is exactly what occurs in an internal-combustion engine, 
where the proportion of combustible gas/air is higher than 
the theoretical proportion for complete combustion. This 
remains to be verified experimentally. One must, however, 
note in connexion with this that the presence of steam in 
the combustible mixture favours the setting up of detona- 
tion in certain cases (mixtures based on CO). 

Another factor which influences the formation of the 
explosion wave is the diameter of the tube. Thus the 
detonation is more easily set up when the diameter of the 
tube is smaller. The following table gives the distances 
from the igniting spark at which the explosion wave is 
set up in a mixture of carbon-disulphide and oxygen 
(CS 2 i- 302 ) (Laffitte [31, 1925]). 


Diameter 

Distance 

(mm.) 

{cm.) 

6-5-7 

48 

16 

52 

24 

58 

34 

84 

43 

105 

54 

131 


It may be noted that even with a tube of relatively small 
diameter (in comparison to those dimensions used in prac- 
tice) the flame is propagated for a considerable distance 
before the explosion wave is formed, and this is the case 
even for a mixture which detonates easily (mixture based 
on oxygen and not on air). At constant diameters the setting 
up of detonation is delayed by the increase of the initial 
temperature of the combustible mixture (Laffitte [32, 
1928]). The following table gives the distances traversed 
by the flame before the setting up of detonation for a 
hydrogen and oxygen mixture and for a methane and 
oxygen mixture: 


2 H 24 -O 2 mixtures 

C H 4 f 2 0 2 mixtures 

Initial 

1 

Initial 


temperature 

j Distance 

temperature 

Distance 

(0 ■ C) 

1 (rm.) 

(O^C.) 

icm.) 

15 

' 60 

15 

55 

120-30 

1 73 

160-80 

74 

160-80 

; 78 

290-310 

1 90 

300-20 1 

(no detonation; tube 

340-60 (no detonation; 

340-60 I 

100 cm. long) 

tube 100 cm. long) 
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Thus the nearer the temperature of spontaneous ignition 
of the mixture is approached the more difficult it becomes 


for the explosion wave to be formed. 

On the contrary, the 

more the initial pressure of the mixture is raised, the sooner 
detonation is set up, as is shown by the following table: 

ZHaH 0* mixture 


(Laffitte and Dumanois [34, 1926]) 

Glass tube, 25 cm. diameter 

Initial pressure 

Distance 

{atm.) 

{cm.) 

1 

70 

2 

60 

3 

52 

4 

44 

5 

35 

6 

30 

6-5 

27 

CaHa-i 2 50a + 4Na 


(Egerton and Gates [23, 1927]) 

Steel tube, 15*87 mm. diameter 

Initial pressure 

Distance 

{atm.) 

{cm.) 

1 

52 

2 

30 

3*7 

22 

4 1 

18 


C»Hi 2 } 80a f 6Na mixture 
1 70 

2*7 37 

4-4 32 

51 31 


QHi, 4- 80i+ 15N, mixture 
1 100 

54 72 

9-3 74 

The presence of an anti-knock in the gaseous mixture 
under pressure has not much influence on the setting up of 
detonation at either normal temperature or at higher tem- 
peratures, as has been shown by the experiments of Egerton 
and Gates [23, 1927] on mixtures of pentane, oxygen, and 
nitrogen; experiments were made at higher pressures also, 
but only in the case of slow vibratory flames was any 
delaying effect observed. 

The Explosion Wave in Interaal-combustion Engines. 

From the above results it does not seem probable that 
a true detonation can be set up in an internal-combustion 
engine, chiefly on account of the small length of the 
cylinder. Furthermore, the mixtures used, being diluted by 
the large amount of nitrogen in the air, are much less 
explosive than the mixtures used in the above experiments 
which were either made with pure oxygen or with oxygen 
diluted with a relatively small amount of nitrogen and with 
combustible gases which detonate easier than those used 
in internal-combustion engines. However, it is important 
to notice that though the conditions for a true explosion 
wave do not seem to be normally realized in an internal- 
combustion engine, it is very possible that combustion can 
be propagated in it at relatively high velocity although less 
than those of a true explosion wave (flame of accelerating 
speed preceding the setting up of the explosion wave). 
Further, it has been observed by the author that when the 
cylindrical tube in which the explosion is propagated is not 
long enough for detonation to be set up in it, at the moment 


that the front of the flame arrives at the end of the cylinder 
a retrograde reflection wave is produced which returns into 
the incompletely burnt gases, completing their combustion. 
The velocity of this retrograde wave is sometimes very high 
(of the order of many hundreds of metres per second), and 
in consequence could be, in certain cases, the cause of the 
phenomenon of knock without its being necessary to postu- 
late the formation of a true explosion wave. The pheno- 
mena registered photographically in internal-combustion 
engines will be referred to later. However, the possibility 
of the existence of detonation under the special conditions 
which determine the functioning of internal-combustion 
engines must not be entirely rejected. Thus it has been 
postulated (Moureu, Dufraisse, and Chaux [43, 1927]; 
Dumanois [20, 1928]) that the violent decomposition of the 
unstable and explosive peroxides, formed transitionally in 
the reactions of pre-combustion of the vapours of the com- 
bustible liquids, might set up the detonation (the presence 
of these in engines under knocking conditions has been 
observed directly by Dumanois, Mondain-Monval, and 
Quanquin [22, 1931 ]). This suggestion has not been verified 
experimentally, but is based on the fact that the presence 
of an initiating explosive, such as fulminate of mercury, 
instantly sets up an explosion wave (Laffitte [31, 1925]). 
This has also been confirmed by Bone and Fraser [5, 1931], 
who showed that detonation could be set up at the moment 
of ignition, provided that the latter was sufficiently intense, 
and that the flame was at the same time submitted to a 
sufficiently powerful shock wave. 

In support of the above hypothesis, according to which 
the decomposition of peroxides would be able to set up 
detonation, one could cite the fact that the explosion wave 
of a first mixture generally sets up detonation in a second 
mixture after a very short distance if the velocity of detona- 
tion of the second mixture is less than that of the first 
(Campbell and Woodhead [12, 1926]). But it would still 
have to be verified that the decomposition of peroxides can 
be caused by an explosion wave and also that the decom- 
position is propagated at a velocity greater than that of 
the initial mixture. 

If the above hypotheses should be confirmed, the explo- 
sion wave could be set up simultaneously in many points 
in the combustible mixture; this would, moreover, increase 
the violence of the knock, and the more because every time 
an explosion wave is set up there is a simultaneous forma- 
tion of a shock wave which is propagated in the gases in 
the opposite direction to the explosion wave (Lc Chatclier 
[37, 1900]). (These waves are shown on all photographs 
(Figs. 4 and 6).) These different shock waves may interfere 
with each other or with the reflection waves formed when 
they reach the walls of the cylinder, and may also produce, 
at the points of interference, much higher pressures which 
would have severe mechanical effect. Certain experiments 
(Laffitte [31, 1924]) have also shown, both in the cases of 
a simple combustion and of a detonation, that the glass 
container only shatters after multiple reflections on the 
walls either of the flame or of compression waves. 

The Propagation of Detonation. Velocity of the Explo- 
sion Wave. 

Once it has been set up, the detonation is propagated at 
a strictly uniform velocity in a stable mixture (Berthelot 
[2, 1882]; Mallard and Lc Chatelier [41, 1883]; Dixon [15, 
1893]) (Fig. 5). This velocity does not depend on the 
material of which the tube is made containing the explosive 
mixture: the velocity of propagation of an explosion wave 
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is the same whether the tube is made of steel, lead, tin, 
glass, or rubber (Berthelot and Vieille [3, 1882]). However, 
Campbell, King, and Whitworth [8, 1932] have shown that 
in the case of tubes of rubber this only holds for normal 
detonation (2H2-4-02~hN2, CH4-I-2O2, 2C0“l“02“j"7% H2, 
&c.). In the case of explosion waves which give striation 
on the photographic records (2C0-f02, 2H2+02 hC02, 
CH44-7O2) an appreciable diminution of velocity has been 
observed with rubber tubes; this diminution depends on 
the length and thickness of the rubber tube. 

Every velocity of detonation which has been measured 
at present has always been found to be between 1,000 and 
4,000 m. per sec. A certain number of values are collected 
in the following table: 


Mixture 

Velocity 
(m. per sec.) 

Author 

2 H, + 0 , 

2,821 

Dixon 

2CO + Oa 

1,089 



1,800 

Le Chatclier 

CH 4 + 20 a 

2,146 

Dixon 

CH^ fl 50., 1 2 5Na 

1,880 


C 2 H 4 + 3 50, 

2,363 

Berthelot 

CaH4 + 30a 

2,209 

Dixon 

CaH 4 1 20, fSN, 

1,734 


C,H,+ 1 50, 

2,716 


C,H,+ l-50,+N, 1 

2,414 


C,H, + 30, ! 

2,600 

Laffitte and Breton 

QH 4 I 6 O, 1 

2,280 

>» »» 

C4Hio i'40, 1 

2,613 



2,270 

1 

QHi,)80, 1 

2,371 

i Dixon 

CsH,a-f80a-f24N, 

1,680 

1 

C4H4I7 50, 

2,206 


CeH. + 22 50, 

1,658 


C,H40H + 302 

2,356 


C 2 H 4 OH + 3 O 2 +I 2 N 2 

1,690 

1 ” 


The velocity of propagation of the explosion wave is 
usually independent of the diameter of the tube, provided 
that the diameter is not less than several millimetres 
(Berthelot and Vieille [3, 1882]). 

As an exception, however, Bone and Fraser [5, 1931], as 
well as Campbell [6, 1922], have observed differences in 


velocity which may reach 100 m. per sec. using mixtures 
of carbon monoxide and oxygen saturated with water at 
18° C. when the diameter of the tube was changed from 
15 to 25 mm. The following table gives the velocities of 
the wave in various concentrations of carbon monoxide for 
both diameters (Fig. 7): 


/. Tube 13 mm. 

II. Tube 25 mm. 

% CO 

Velocity 
(m. per .sec.) 

% CO 

Velocity 

1 {m. per sec.) 

500 

1,732 

570 

1 1,752 

57-6 

1,735 

666 

1 1,795 

670 

1,750 

71-6 

1,825 

71-8 

1,760 

750 

1,870 

75-6 

1,809 

75-4 : 

1,780 

77-6 

1,750 

77-8 


800 

1,730 




The velocity of propagation of detonation remains the 
same if the mixture is subjected to a magnetic field (Dixon, 
Campbell, and Slater [17, 1914]) or to the action of a trans- 
verse electric field (Malinowski, Naugolnikow, and Tka- 
chenko [40, 1934]). 

In the neiglibourhood of the limits of detonation the 
velocity of propagation of the explosion wave decreases 
very rapidly. As a result the velocity passes through a 
maximum for a mixture of a given composition; cf. the 
following examples: carbon monoxide-oxygen (Campbell, 
Whitworth, and Woodhead [10, 1933]) (Fig. 8), propane- 
oxygen (Fig. 9), and butane-oxygen (Laffitte and Breton 
[33, 1934]) (Fig. 10) (unpublished works). The maximum 
velocity only rarely corresponds with the theoretical mix- 
ture for complete combustion (Figs. 7, 8, 9, and 10). 

In general, the concentration of combustible gas corre- 
sponding to the maximum velocity mixture is higher than 
that of the stoichiometric mixture and is near the upper 
limit of detonation. However, in certain cases the curves 
of the velocities of detonation as a function of the con- 
centration are not the same shape as those of the above 
examples (Laffitte and Breton [33, 1934]). Thus with mix- 
tures of ammonia and oxygen the velocity of the explosion 
wave increases rapidly in the neighbourhood of the two 
limits of detonation before suddenly decreasing. In mix- 
tures of acetylene and oxygen the shape of the curve is 
again different (Fig. 11). For 4-2% (lower limit) to 20% 
of acetylene in air the curve is normal, with a maximum 
in the neighbourhood of 15%, i.e. a little above the con- 
centration (12-2% of CaH2) which corresponds to the total 
combustion into carbon monoxide 
and water. An upper limit at a con- 
centration of about 23-25 % of acety- 
lene was expected; but from a little 
above 30% the velocity increased 
and continued to do so to about 
50 % of acetylene, which corresponds 
to the upper limit of detonation. It 
appears that the second part of the 
velocity curve should depend on a 
quite different reaction from that 
governing the first part (below 23 %). 

Influence of various Factors on the 
Velocity of the Explosion Wave. 

The presence of very small quanti- 
ties of inert gases or of impurities 
60 do not usually modify to an ap- 
preciable extent the velocity of pro- 
pagation of an explosion wave. 
Water vapour is, however, an exception to this, at any 
rate in carbon monoxide and oxygen mixtures (Dixon 
[15, 1903]), and perhaps also in the neighbourhood of the 
limits of detonation for acetylene-air mixtures (Laffitte 
and Breton [33, 1934]) (unpublished works). Dixon’s results 
on the influence of water vapour on the velocity of 



Fig. 11. Detonation limits and velocities of mixtures of acetylene and oxygen. 
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detonation for the mixture 2C0-f02 are given in the 
following table: 


j 


Mean rate 

Condition 

% of steam 

(m. per sec.) 

Well dried 


1,264 

Dried .... 


1,305 

Saturated at 10% • 

V2 

1.676 

20% . 

2-3 

1,703 

28% . 

3-7 

1.713 

35% . 

5 6 

1,738 

45% . 

9-5 

1,693 

55% . 

i 156 

1,666 

65% . 

1 24-9 

1,526 

75% . 

! 38-4 

1,266 


The velocity thus passes through a maximum for the 
mixture with 5*6% steam. 

The presence of small quantities of anti-knocks, parti- 
cularly in the case of lead tetraethyl, do not modify the 
velocity of propagation of the explosion wave in strongly 
detonating mixtures, as shown by the experiments of 
Laffitte and Dumanois [35, 1928] on mixtures far from the 
limits of detonation. The measurements were made on 
various mixtures of hydrogen or of methane with oxygen 
which contained about a thousandth part of lead tetraethyl, 
under initial pressures varying from 1 to 7 atm. 

The initial pressure and temperature of the combustible 
mixture have only a slight influence on the velocity of pro- 
pagation of detonation, as is shown by Berthelot and 
Vieille [4, 1882]. The more accurate measurements of 
Dixon [15, 1903] for a theoretical oxy-hydrogen mixture 
have, however, shown that pressure has an appreciable 
influence. But this increase of velocity rapidly diminishes 
and appears to become insignificant at a pressure higher 
than 2 or 3 atm. 

2H2 + Oa 


Pressure 

Velocity 

(mm.) 

(m. per sec.) 

200 

2,627 

300 

2,705 

500 

2,775 

760 

2,821 

1,100 

2,856 

1,500 

2,872 


Dixon also proved that pressure exerts the same effect 
with mixtures of methane and oxygen. But in this case the 
result has not been confirmed by Sokolik and Shtsholkin 
[51, 1933], whose measurements appear to be less accurate. 
Determinations of velocity of detonation have only been 
made for mixtures under pressure of the vapours of pen- 
tane and of acetylene along with various quantities of 
oxygen and nitrogen (Egerton and Gates [23, 1927]). An 
observation can be made here on the subject of the influence 
of the initial temperature. Dixon [15, 1903] has made 
some accurate determinations (vlealing particularly with 
2H2-f O2, C2H4-f 2O2, and C2H2+O2 mixtures) up to tem- 
peratures of 100° C. He has shown that an increase of 
temperature of 100° C. slightly lowers (less than 100 m. per 
sec.) the velocity of propagation of detonation. This is 
shown in the following table : 


Velocity 

^ (m. per sec.) 

Temperature | 

r C.) I 2H> i Oa I QH44 20a 

10 i 2,821 I 2,581 
100 ! 2,790 2,538 

Laffitte [31, 1925] confirmed and extended Dixon’s results 


(for 2H2 f O2 and CH4 4-20a mixtures) nearly up to the 
ignition temperature (450° for the first mixture, 550° for 
the second). Measurements for mixtures of the vapours 
of certain hydrocarbons have been made by Egerton and 
Gates [23, 1927]. 

It has already been noted that when detonation is set 
up in a mixture of a given composition, the velocity of 
propagation of detonation remains constant (for a given 
temperature and pressure) whatever may be the diameter 
of the cylindrical tube in which the phenomenon is pro- 
pagated. But if the tube suddenly increases in diameter, 
a perturbation is set up at the point of increase, as Camp- 
bell [6, 1922] showed for the first time. If the variation in 
diameter is large enough, there is a sudden loss of pressure 
on the front of the wave such that the pressure becomes 
insufficient to propagate the detonation, and a flame of 
much lower velocity follows it. Thus for 2H2-(-302 mixture 
detonating at a velocity of 2,120 m. per sec. in a tube of 
10 mm. diameter jointed to a tube 30 cm. long with a larger 
diameter the following velocities were observed : 


Diameter of th" 2ncl tube Velocities 

{mm.) (m. per .vtY .) 

23 890 

35 640 

62 430 

85 450 

91 440 


If the wider tube is sufficiently long the detonation is 
formed again after a certain distance (Laffitte [31, 1923]) 
(Fig. 12). The following are the distances travelled by the 
flame in the second tube before the explosion wave which 
had been propagated at 1,800 m. per sec. (CS2+3O2 mix- 
ture) in the first tube of 7 mm. diameter was reformed: 


Diameter of the \ Distance^ j Mean velocities of the 
2nd tube I 2nd tube fame in the 2nd tube 
(mm.) j (cm.) | (m. per sec.) 


13 

16 

24 

33 

44 


8 

9 

15 

50 

100 


1,250 
1,200 
1,000 

780 for the first 30 cm. 
235 for the first 50 cm. 


to the setting up 
of detonation 


This phenomenon is general and can be reproduced in 
any combustible mixture. Moreover, the above results 
suggested to Dumanois [21, 1926] the idea of a stepped 
piston, which he invented in order to suppress knock in 
internal-combustion engines. A series of steps producing 
a large increase in diameter in the direction of the propaga- 
tion of the ignition are fixed on the piston, starting from 
the ignition-point and arranged in such a way that when 
the flame reaches a step there is a sudden diminution of 
velocity of propagation of the explosion. In the case of a 
detonation the latter changes into a combustion with 
a slower velocity of propagation, as shown in the above 
experiments; and even in the case of no actual detonation 
the velocity of the flame is considerably diminished. 


Detonation Pressures. 

It is interesting to know the pressure attained in the front 
of the explosion wave, but the experimental measurement of 
the value of this pressure is not easy, not only because 
of the high velocity of propagation of the phenomenon, 
but also because of the very short time during which this 
pressure occurs. The importance of the mechanical effects 
produced by the passage of the explosion wave shows at 
once that this pressure is much higher than that at the 
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front of a flame even of relatively high velocity. Thus, if 
a detonating mixture contained in a glass tube of about 
10 mm. interior diameter and with walls of about 2 mm. 
diameter is ignited by an electric spark, it is often found 
after the explosion that the tube is shattered from the point 
where the explosion wave was set up, while the anterior 
part of the tube is still intact. 

Dixon and Cain [16, 1894], following a suggestion of 
Mallard and Le Chatelier, used a method by which glass 
tubes of known resistance are shattered by the explosion 
wave. But the results obtained arc not very accurate and 
the value of the method is doubtful (Jones and Bower 
[27, 1897]). 

In some recent experiments, Campbell, Littler, and 
Whitworth [9, 1932] determined the pressure at the front 
of the wave by piercing sheets of copper of different thick- 
nesses by means of the explosion wave in various gaseous 
mixtures. 

The copper was calibrated statically using air pressure. 
The following table gives some of the results thus obtained. 
The values calculated by Jouguet and by Campbell, Littler, 
and Whitworth arc also given : 


Mixture.^ 

Pressures 

{atm.). 

Experimental 

values 

Pressures 

{atm.). 

Values calculated by: 
Jouguet t Campbell 

2 Ha 1 O 2 

20-4 

17-5 


CH 4 i Oa 

340 


36-3 

CH 4 + 4 O 3 

260 


25-9 

C 2 H 4 I- 2 O 2 

41-5 


410 

C\H,\30, 

340 


31-6 

C*Ha 1 Oa 

41-5 

54-5 


C 3 H, + 2 5 O 3 

340 


300 

CaHa 1 7-50a 

260 


25-8 


In general, the agreement between the observed and the 
calculated pressures is fairly good except for CgHg fOg. In 
this case the difference seems to be that in the calculation 
it was assumed that all the carbon was burnt to carbon 
monoxide, whereas a certain amount of free carbon is 
always produced in this explosion. Finally, experiments show 
that the pressure at the point where the explosion wave 
is set up is higher than in the fully formed explosion wave. 

Spherical Explosion Waves — Detonation Spin. 

Under all the conditions discussed in the previous pages 
it has been supposed that the detonation is propagated by 
a plane wave, that is to say, that the front of the explosion 
wave is perpendicular to the axis of the tube in which it is 
propagated. But this is not always so. 

Lafhtte [31, 1924] has shown that in a spherical vessel, 
or in a cylinder of large diameter, the detonation may be 
propagated by a spherical wave. The propagation of such 
a wave has been recorded photographically; the wave was 
started by means of a mercury fulminate detonator placed 
in the centre of a glass globe of several litres capacity which 
contained a mixture easy to detonate (CSa+JOg, 2 H 2 I Og). 
This phenomenon cannot be observed if the explosion is 
set up by propagating an explosion wave in a cylindrical 
tube introduced into the centre of the globe. In this case 
the wave is destroyed when it reaches the globe and a com- 
bustion is propagated with a much lower velocity than that 
of the wave; this agrees with the remarks already made 
in connexion with the effect of a sudden increase of tube 
diameter. 

Regarding ‘spin’, Campbell and his colleagues Wood- 


head [11, 1927] and Finch [7, 1928], as well as Bone 
and Fraser [5, 1931], have obtained striated photographic 
records of the detonation of certain gaseous mixtures. 
These striae are caused by the detonation being propagated 
in the tube by plane waves which follow a spiral path. The 
above authors have provided definite experimental proof 
of this. 

In the preceding article this phenomenon is discussed 
in greater detail. Laffitte and Breton [33, 1934] have also 
observed this effect in the case of mixtures of ammonia and 
oxygen, and of acetylene and air, for the whole length of 
their detonation. This has also been noted by them for 
all the mixtures which have been tested (propane-oxygen, 
butane-oxygen, &c.) in the neighbourhood of the limits of 
detonation where the phenomenon is not susceptible to 
photography without recourse to special methods utilizing 
a supplementary source of light. 

Other Flames which are propagated at High Velocity. 

There are other methods of propagation of combustion 
of which the speed is higher than that of the uniform move- 
ment of a flame besides that of detonation which is pro- 
pagated in the explosive mixture at a high and constant 
velocity by the mechanism of the explosion wave. 

But it appears that these other flames nearly always occur 
with unstable systems (variable velocities): the only two 
stable systems under definite conditions are the above, i.e. 
the deflagration, with a low velocity of propagation, and 
the detonation with a high velocity. Some of the condi- 
tions in which such flames of moderate velocity have been 
observed are as mentioned in the following paragraphs. 

1 . If the condition of concentration, temperature, and 
pressure in a cylindrical tube are such that theoretically an 
explosion wave can be propagated in it, the explosion can- 
not be set up if the length of the combustion chamber is 
insufficient. In this case it is observed that a flame is pro- 
pagated at a constantly accelerating velocity until it reaches 
the end of the combustion chamber. The velocity of this 
flame may attain several hundreds of metres and even 
approach, without, however, reaching, the velocity of the 
explosion wave. There is usually, in fact, at the moment 
of the setting up of the detonation a very marked discon- 
tinuity between the velocity of propagation of the flame 
and that of the explosion wave. 

2. There are, however, other circumstances besides those 
of the variable condition preceding the setting up of the 
detonation, in which flames of great velocity of propaga- 
tion have been recorded. Thus Mason and Wheeler [42, 
1920] have observed that the combustion of methane-air 
mixtures, under the following conditions, seemed just about 
to take on the characteristics of a detonation. The flame 
was propagated in a tube 90 m. long and 30 cm. in dia- 
meter open at the two ends and constricted at two points 
by thin steel rings which reduced its diameter to 28-6 cm. 

Chapman and Wheeler [14, 1926] have in a similar way 
obtained large increases in velocity of propagation of the 
flame by placing a certain number of constricting rings 
into the tube in which the combustion was propagated and 
which was open at both ends. Thus with a mixture of 10% 
methane in air, burning in a brass tube 240 cm. in length 
and 5 cm. in diameter, the normal velocity of propagation 
of flame is 0-70 m. per sec. But if 12 brass rings of 1 cm. 
thickness and 2-5 cm. interior diameter are placed 5 cm. 
apart in the tube (the first ring being placed at a distance 
between 50 and 100 cm. from the end of the tube at 
which mixture is ignited), the flame is propagated through 
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the constricted region at a velocity of 420 m. per sec. 
Similar observations have been made by Robinson and 
Wheeler [48, 1933]. 

In this case the mechanism of the propagation of flame 
is not the same as that of an ordinary combustion when 
the explosion phenomenon is propagated by simple thermal 
conduction. In fact, the unburnt mixture gives rise to a 
displacement of gas in the tube, and if the constrictions are 
sufficiently near together the flame which passes the first 
ring is projected through the second and ignites the mixture 
in front of it, while the part which is situated between the 
two rings is still in combustion. It is owing to the pro- 
jection of this ‘tongue of flame’ that the combustion of 
a relatively large volume of gas becomes extremely rapid. 
It is clearly shown that it is not a question here of a stable 
system similar to a true detonation. Kirby and Wheeler 
[30, 1931] have made similar observations in closed tubes 
with mixtures of air and methane (10%) or carbon mon- 
oxide (58%). The increase of velocity is less, but the 
phenomenon has the characteristics of a vibratory explo- 
sion. With carbon monoxide the sudden expansion result- 
ing from the almost simultaneous combustion of the gas 
in the compartments limited by the constrictions gives rise 
to a shock wave which passes through the gases undergoing 
combustion at a velocity of 1,380 m. per sec., that is, at 
a velocity of the order of magnitude of an explosion wave. 

3. Photographic records have sometimes been made 
in internal-combustion engines of flames propagated at 
very high velocities and seeming to attain the velocities of 
detonation. Withrow and Boyd [54, 1931] with a hydro- 
carbon-air mixture (75 % of petrol and 25 % benzene) have 
photographed a flame initially propagated at a mean velo- 
city of about 20 m. per sec.; this velocity then increases 
to 35 m. per sec., and finally decreases to 10 m. per sec. 
When knock is produced, in consequence of advancing 
the spark, there is a moment when after the normal com- 
bustion of part of the gaseous mixture it is observed that 
the remainder suddenly burns in a time indeterminable 
from the photographs. This may occur either from a simul- 
taneous ignition at every point where the mixture has not 
yet burnt, or by the propagation of an explosion wave 
whose velocity cannot be measured on the photographic 


records of Withrow and Boyd. The authors at first seem 
to have adopted this hypothesis. However, in a later paper 
Withrow and Rassweiler [55, 1933] no longer make mention 
of detonation, but only of a flame of high velocity preceded 
by spontaneous ignition. 

The experiments of Duchene [18, 1932] lead to results 
similar to those of the preceding authors and do not help 
towards a definite explanation. When knock was produced 
in his apparatus he obtained an auto-ignition which, he 
stated, immediately set up an explosion wave. He clearly 
proved, as did Withrow, that normal combustion is sud- 
denly interrupted by an extremely rapid and very luminous 
form of propagation. This propagation travels (a great 
many times) from one end to the other of the vessel at 
a velocity of the order of that of the explosion wave. How- 
ever, as a result of later experiments, the conception of 
Duchene [19, 1935] has somewhat changed. He states: 
‘ The explosion wave would be developed at a very high velo- 
city; it would be too badly recorded on the photographs to 
be measured and the striations observed would only be 
those of a shock wave, following on detonation, which 
would be propagated a great number of times from one 
end to the other of the vessel at a velocity in the neighbour- 
hood of 1,000 m. per second.’ 

The propagation of these shock waves cannot be doubted 
from the photographic records of Duchene, but very pos- 
sibly they may not be due to a true explosion wave, of 
which, as yet, the formation in an internal-combustion 
engine never seems to have been proved with certainty. In 
this connexion reference may be made to the discussion 
about the formation of the explosion wave. It seems 
proved, from experiments mentioned above, that in engines 
there may be phenomena propagated at velocities approxi- 
mating those of an explosion wave. These phenomena 
may be due to the simultaneous ignition at different places 
of the gaseous mass, or to flames of very high velocity, 
or to shock waves of still higher velocities, causing or 
completing the combustion of the part of the mixture not 
yet burnt, and giving rise possibly to important mechanical 
effects. In order to determine precisely the true nature of 
these phenomena and their exact velocity further investiga- 
tions are required. 
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INTRODUCTION 

Interest in the relation between the molecular structure 
of hydrocarbons and their knocking characteristics in 
an internal-combustion engine is of comparatively recent 
origin. Such interest arises from the fact that isomeric 
hydrocarbons may have very widely different tendencies to 
knock. As a result the utility of these isomeric forms when 
used in an internal-combustion engine is subject to a wide 
variation, because the knock has been an effective barrier 
to the use of higher compression ratios and hence to higher 
thermal efficiency of an internal-combustion Otto cycle 
engine. The potential power to be obtained on an engine 
operating at its maximum permissible compression ratio 
on one or another of two isomeric hydrocarbons may differ 
by as much as 50%. 

Such isomers may be compounds which are easily dis- 
tinguishable from one another as belonging to different 
hydrocarbon families such as the olefine, 1 -hexene: 

CHa- CH-CHa-CHa-CHa -CH3, 
and the naphthene, cyclohexane, which has the same ulti- 
mate composition as represented by the formula QHia but 
having the ring structure: 

CHa 

/\ 

HjC CHa 

i I 

HjC CHa 

\/ 

CHj 

Other isomers may be of the same hydrocarbon family 
and distinguishable with some difficulty by the usual chemi- 
cal methods of analysis and yet show extremely wide 
differences in knocking tendency. Such a pair of isomers 
are normal heptane and 2,2,3-trimethyl butane having the 
structures : 

CHa-CHa-CHa-CHa-CHa-CHa-CHg 

and 

CH3 CH3 

I I 

CHj-C CH-CHs 

I 

CH3 

These two hydrocarbons represent two extremes in anti- 
knock quality. Under certain specified conditions normal 
heptane begins to knock at compression ratios below 3 to 1, 
while its isomer, 2, 2, 3 -trimethyl butane, does not begin to 
knock until the compression ratio is raised to 13 to 1 [24, 
1934]. Some conception of the magnitude of this difference 
may be gained from the observation that at 13 to 1, where 
one of these hydrocarbons just begins to knock, it would 
be physically impossible to operate with normal heptane 
due to the severity of detonation. 


Such relationships between molecular structure and 
knock arc not to be confined to the hydrocarbons them- 
selves, but may also be considered from the standpoint of 
the hydrocarbons plus anti-knock agents such as lead 
tetraethyl, especially in view of the widespread use of this 
material in motor fuels. Lead tetraethyl has been found to 
be efficient in eliminating knock, varying over a wide range, 
depending upon the hydrocarbon fuel in which it is utilized. 
This effectiveness can also be related to the molecular 
structure of the fuel. 

HISTORICAL 

As early as 1920 Midgley [25] observed wide differences 
in the combustion of fuels in internal-combustion engines, 
not only among isomeric compounds containing carbon, 
hydrogen, and oxygen, but also wide differences in the 
combustion or the knocking characteristics of different 
chemical classes of hydrocarbons. In 1921 Ricardo [29] 
published the results of investigations on the highest useful 
compression ratio of a number of hydrocarbons and found 
wide differences between the values of different internal- 
combustion engine fuels in this respect. In 1922 Midgley 
and Boyd [26] published data on the detonation charac- 
teristics of various mixtures of aromatic and paraffin 
hydrocarbons. 

Edgar [8], in 1927, suggested the use of ^-heptane and 
2,2,4-trimethyl pentane mixtures as standards for rating 
fuels for knock. The straight-chain paraffin hydrocarbon 
/i-heptane was very prone to knock, while the branched- 
chain /.s(?-octanc was comparatively free from knock, and 
it was thus apparent that different isomeric heptanes and 
octanes would have greatly differing tendencies to knock. 
In 1929 Birch and Stansfield [2] and Nash and Howes [27] 
published data on the knock-rating of solutions in gasoline 
of several different hydrocarbons. 

In 1931 Lovell, Campbell, and Boyd published [20, 21] 
data on an extended series of pure paraffin and olefine 
hydrocarbons in fairly dilute solutions in gasoline, showing 
a number of consistent and regular relationships between 
the molecular configuration or their conventional structural 
formula and the tendency of these fuels to knock as 
measured in dilute solution in gasoline. 

More recently the determinations of Garner, Wilkinson, 
and Nash [12, 1932] on the olefines, and Garner and Evans 
[11, 1932] on naphthene and aromatic hydrocarbons have 
been published. Hoffman, Lang, Berlin, and Schmidt [16, 
17, 1933] presented data on a considerable number of 
hydrocarbons of different classes. Recently also, Lovell, 
Campbell, and Boyd [22, 1933; 23, 1934] published data 
on a large number of naphthene and aromatic hydro- 
carbons. These data have related to the behaviour of the 
compounds in solutions in gasoline of the range of 10 to 
20 %. 
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Data on the behaviour of various hydrocarbons in the 
pure state are not so extensive, although Lovell, Campbell, 
and Boyd [24, 1934] have given data on a series of about 
100 hydrocarbons in terms of compression ratio. 

Most of the data in the literature pertain to the knocking 
characteristics of the hydrocarbons when measured under 
different engine conditions in fairly dilute solutions up to 
about 20% at a maximum. Much of the data have been 
expressed in terms of octane number of the solutions, and 
recently Garner, Evans, Sprake, and Broom [13, 1933] have 
published a compilation of the data available up to 1934 
in terms of ‘blending octane number’. The ‘blending 
octane number’ of a hydrocarbon is an extrapolated value 
and does not necessarily bear any relation to the actual 
octane number of this material when tested in the pure 
state, but is an extremely useful concept for practical pur- 
poses of computing the relative anti-knock value of dif- 
ferent hydrocarbons in solution. 

The data upon the effectiveness of lead tetraethyl as a 
knock suppressor as related to the fuel in which it is used 
are mostly of fairly recent date. In 1932 Garner, Wilkin- 
son, and Nash [12] found that the effectiveness of lead 
tetraethyl in increasing the octane number of 20% solu- 
tions of several alpha olefines in a base fuel increased with 
the molecular weight from pentene through nonene. Simi- 
lar data were also obtained by Garner and Evans [1 1 , 1932] 
on 21 hydrocarbons, including aromatics, cyclohcxancs, and 
cyclopcntancs, also in 20% solutions; and they concluded 
that the order of increasing effectiveness was aromatics, 
cyclohcxanes, and cyclopentanes, as measured in these 
solutions. Alden in 1932 [1] and Hebl, Rendel, and Carton 
in 1933 [15] presented data on the effectiveness of lead in 
a variety of gasolines. More recently, Campbell, Signaigo, 
Lovell, and Boyd [7, 1935] have given data on about 60 
pure hydrocarbons, comparing the effect of definite addi- 
tions of lead tetraethyl on the critical compression ratios 
of these materials. The wide range of the effectiveness of 
the lead, extending from positive to negative values, ap- 
peared to be closely related to the structure of the hydro- 
carbon, large differences appearing even between isomers 
of a class. 

METHODS OF MEASURING KNOCKING 
CHARACTERISTICS OF HYDROCARBONS 

In order to evaluate the relative tendencies to knock of 
different hydrocarbons, a number of methods have been 
used. The methods have been subject to a large amount 
of change and development, and especially so because the 
development of methods of rating fuels for knock, in 
general, has been contemporary with the rating of pure 
hydrocarbons. (Sec Art. 15.) 

It was recognized at the outset that the evaluation of the 
knocking characteristics of hydrocarbons could not be 
accomplished by analytical methods or by testing the 
knocking behaviour of a mixture of hydrocarbons and then 
determining the composition of the mixture [9, 1926; 33, 
1927]. This is due to the complexity of most fuels and to 
the lack of suitable analytical methods, and especially 
methods for analysing mixtures of isomers which may have 
wide differences in tendencies to knock. Accordingly, it 
has been necessary to obtain hydrocarbons of known purity 
and definite structure prepared synthetically and then to 
test them, either in the pure state or in known concentra- 
tions in other fuels. 

Various methods have been used for testing; and at 
present all methods known to be reliable are based on 


burning the fuel in an engine. This is due to the fact that 
the mechanism of knock is not sufficiently well understood 
to permit simplification or duplication of the essential con- 
ditions of combustion outside of an actual engine. 

Since the knock is a function of both engine conditions 
and of fuel, measurements have been made in terms of 
engine conditions such as, for example, the compression 
ratio which could be used with the pure hydrocarbon or 
a definite mixture for a fixed degree of knock. Since dif- 
ferent engines are not directly comparable, attempts have 
been made to cancel out the effect of the engine by match- 
ing the hydrocarbon, or mixture, with a standard fuel 
whose knocking characteristics could be varied by suitable 
changes in its composition. However, since two fuels may 
knock alike in one engine but not in another, this method 
docs not completely eliminate the effect of engine condi- 
tions or permit absolute standardization, nor docs it neces- 
sarily permit translating the units of one scale directly to 
another. However, these effects are usually small in com- 
parison with the differences between many hydrocarbons. 

Fuels used as standards of comparison have been quite 
varied and have included mixtures of benzol, tetraethyl 
lead, or aniline (all acting to suppress knock although in 
widely differing degrees of effectiveness) with gasoline; 
mixtures of benzene and /z-heptane, and mixtures of n- 
heptane and /^(9-octane (representing the octane number 
scale) have also been used [4, 1931; 5, 1928; 6, 1930]. 

The concentration in which the hydrocarbon is tested 
is also important. As previously mentioned, some of the 
hydrocarbons have been examined in a pure condition, but 



PER CENT BY VOLUNIE HEPTANE 

Fig. 1. Knocking characteristics of two component mixtures of 
hydrocarbons. 

this method has a number of serious disadvantages. A very 
practical one has to do with the difficulty of securing large 
enough supplies of the hydrocarbons to operate even a 
single-cylinder engine for a suitable length of time; and 
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this is especially serious when the hydrocarbons must be 
prepared by la^ratory methods. An early difficulty with 
the use of pure undiluted hydrocarbons was the enormous 
range of Imocking characteristics to be covered, ranging 
from compression ratios above 15 to below 3, and an addi- 
tional complication is the enormous range of volatility 
which must be dealt with to make tests in a carburettor- 
type engine. 

Accordingly, a good deal of the data in the literature 
have been reported in terms of fairly dilute solutions, 
ranging from 10 to 30%, and in various base gasolines. 
Pure /i-heptane has also been used to a limited extent. The 
concentrations used have been expressed in terms of weight 
and also volume per cent., and also in terms of gram 
molecules per litre of solution. The choice of concentration 
to be used is quite important, since the change in the knock- 
rating with concentration is not necessarily a regular or a 
linear relationship. This is illustrated in Fig. 1, taken from 
data presented by Campbell, Lovell, and Boyd [5, 1928]. In 
plotting the change in compression ratio which results when 
various concentrations of the different hydrocarbons are 
added to normal heptane, it is to be seen from Fig. 1 that the 
curves are by no means straight lines. In other words, the 
changes in the knocking characteristics of a fuel upon addi- 
tion of a hydrocarbon are not always proportional to the 
amount of material added. This same observation was made 
by Thomycroft and Ferguson [34, 1932]. It is consequently 
to be expected that the relative knocking behaviour of 
hydrocarbons as measured in dilute solutions will not 
necessarily be exactly similar to that determined with the 
pure compounds. 

KNOCKING CHARACTERISTICS OF 
HYDROCARBONS 

For simplicity in considering the knocking characteristics 
of hydrocarbons, especially with relation to their mole- 
cular structure as revealed by the conventional structural 
formula, the behaviour in dilute solution may well be con- 
sidered first, especially as they seem to give a key to the 
whole series of relationships. After this, the relationships 
as revealed by the available data on the behaviour of 
hydrocarbons as tested in the pure state will be discussed. 
Since the relative behaviour of these materials depends to 
a certain extent, as has previously been indicated, upon the 
experimental conditions used for their evaluation, a brief 
summary of such data will be given. Finally, the data on 
the effectiveness of lead tetraethyl in eliminating the knock 
in hydrocarbons of various structures will be summarized. 

The data upon all of the hydrocarbons as reported by 
different investigators will be found tabulated for each 
hydrocarbon in the tables at the end, to which reference 
is made for an explanation of the various units of measure- 
ment used, and for the agreement of the values as reported 
by different investigators. 

HYDROCARBONS IN DILUTE SOLUTION 

In considering these relations between knocking be- 
haviour in dilute solution and chemical structure, the 
authors have used the so-called aniline equivalent scale, 
which represents, in terms of aniline, a knock suppressor, 
the knock effect of the hydrocarbon when measured in 
a solution of 1 gram molecule per litre of solution in 
a reference gasoline, or as many grams per litre as there 
are units in the molecular weight of the hydrocarbon. The 
use of this molecular basis thus makes it unnecessary to 


interpolate or extrapolate the original data and also has 
the important advantage of making available for unified 
treatment a larger body of data than might otherwise be 
readily possible. 

Parafihn Hydrocarbons 

The paraffin hydrocarbons comprise probably the 
simplest class to deal with, since the number of isomers 
boiling within the gasoline range, although very large, is 
still much smaller than the numbers of isomers of olefine, 
naphthene, or aromatic hydrocarbons of similar boiling 
ranges. 



Fig. 2. Aniline equivalents of paraffin hydrocarbons. 


A graphical representation in terms of aniline equivalents 
is given in Fig. 2. The aniline equivalents are plotted as 
ordinates and the number of carbon atoms in the molecule 
as abscissae. The values for the different compounds are 
plotted as points, and the particular hydrocarbon is in- 
dicated by a partial structural formula near the point. In 
these formulae, only the carbon atoms are represented, but 
they are grouped as in the conventional structural formula. 
Thus, for example. 



C-C-U-C-C represents 2,3-dimethyl pentane 
and C-C-C-C-C represents /i-pentane. 

These data as plotted show a number of interesting 
relationships, most of which are indicated by the appro- 
priately designated lines. 

(1) For the normal or straight-chain paraffin hydro- 
carbons there appears to be a regular increase in tendency 
to knock with increase in the length of the carbon chain 
in the molecule, or with the molecular weight. This in- 
crease in tendency to knock with an increase in the length 
of the unbranched carbon chain appears to be quite a 
general relationship, and it appears also in the case of the 
hydrocarbons having a 2-methyl group, a 3-methyl group, 
or a 2,2-dimethyl group. Also, even the lengthening of the 
unbranched carbon chain, when this chain is in the interior 
of the molecule, produces a similar result. It is also possibly 
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significant that, upon this molecular basis, the lengthening 
of the unbranched carbon chain produces a substantially 
constant increase in tendency to Imock per carbon atom. 

(2) On the other hand, the successive addition of methyl 
groups to a carbon-atom chain results in a decreased 
tendency to knock. This branching of the chain by the 
successive addition of methyl groups also appears to be 
a regular relationship in that the addition of a methyl group 
accompanies a fairly definite increase in anti-knock value 
or decrease in tendency to knock. 

(3) It is also possible to consider the data represented 
graphically in Fig. 2 as the relationships between isomers 
of a definite number of carbon atoms. In general, for 
a given molecular size, as that is loosely termed the 
centralization of the molecule is increased, there is less 
tendency to knock. It is difficult to define this concept of 
centralization of a molecule quantitatively, but it may be 
described in a general way as a more compact arrangement 
of the structural formula of the molecule. 

(4) It follows from these concepts of the consistencies 
between molecular structure as revealed by the conven- 
tional structural formulae that when the number of carbon 
atoms in a molecule is increased, the anti-knock value may 
either increase or decrease, and that the greater the number 
of carbon atoms in a molecule the greater the range in 
knocking characteristics between the best and the worst 
knocking compound. It is, consequently, difficult to 
classify paraffin hydrocarbons as a class as being either 
good or bad from the standpoint of knock, since it depends 
upon which particular isomers are to be considered. 

Straight-Chain Olefine Hydrocarbons 

The range of knocking qualities exhibited by the olefine 
hydrocarbons is, as might be expected from the previous 
consideration of the paraffins, also very great. Aside from 
the effect of the carbon-atom skeleton itself, the position 
of the double bond in the molecule is also of great im- 
portance in relation to the knocking characteristics of these 
materials. This is revealed by the data on the straight-chain 
olefine hydrocarbons. 

These data are shown in a graphical form in Fig. 3, 
representing the data on the aniline equivalents, and the 
relationship of the molecular structure of these compounds 
to the knocking characteristics is especially evident from 
this graphical portrayal. 

(1) The effect of lengthening the carbon chain unbroken 
by a double bond appears to be entirely similar to that 
previously observed in the case of the paraffins and of a 
similar quantitative amount, as indicated on the chart by 
the lines parallel to that for the /i-paraffins. Lengthening 
the unbroken carbon chain increases the tendency to knock 
or decreases the aniline equivalent. 

(2) The effect of the position of the double bond is shown 
clearly by a consideration of the isomers of a given number 
of carbon atoms. In these straight-chain olefines, as the 
double bond is progressively nearer to the centre of the 
molecule, the tendency to knock decreases by fairly regular 
steps. 

(3) Upon this molecular basis it is also interesting to 
note that the knock of these compounds appears to be 
determined by the longest unbroken straight carbon chain, 
and this appears to be so practically irrespective of the size 
of the molecule, within the limits covered by these data. 

(4) As a class the straight-chain olefines all appear to be 
superior, from the knock standpoint, to the corresponding 
paraffins. However, there are, of course, branched-chain 


paraffins which are superior to even the best of the straight- 
chain olefines. Consequently, no simple conclusions can be 
drawn as to the general superiority of one of these classes 
of compounds as compared with the other. 



5 6 7 0 
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Fig. 3. Detonation characteristics of straight-chain olefines. 

Branched-Chain Olefine Hydrocarbons 

Olefines with branched chains are of special interest, as 
they represent the structural condition of a double bond 
combined with a varied branched structure. The position 
of the ethylene linkage doubtless affects the knocking 
characteristics, as was found to be the case for the straight- 
chain olefines ; and by analogy with the paraffins the branch- 
ing of the structure should also be of great influence. The 
data available at present does not permit of a general 
picture of this type of compound because of the very large 
number of possible isomers. 

The available data, however, may be summarized gra- 
phically as shown in Fig. 4, where the knocking charac- 
teristics of the branched-chain olefines, as given by the 
aniline equivalents as before, have been plotted vertically, 
with the values for the corresponding saturated compounds 
also represented by the circles at the bottom of the dotted 
lines, so that the specific effect of the double bond in the 
molecule is especially evident. 

A number of interesting regularities appear in the data ; 

(1) All of these unsaturated hydrocarbons show greater 
aniline equivalents or a greater anti-knock value than the 
corresponding saturated paraffin compounds. The dif- 
ferences do not appear constant. By analogy with the 
straight-chain olefines, it might be expected that the greatest 
difference would accompany the introduction of a double 
bond so as to break up a long chain of CHj groups, and 
there is some qualitative indication that this is frequently so. 
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(2) It is to be expected that an olefine corresponding to 
a paraffin of high aniline equivalent would also be a com- 
pound of high aniline equivalent, and this seems to be 
borne out by the available data. Within the limits of the 
data the best olefine of a given number of carbon atoms is 
probably better in anti-knock value than the best paraffin. 
However, in general, the two classes of olefines and paraffins 
appear to cover about the same range of anti-knock value. 



Cyclohexane Hydrocarbons 

The family of cyclic hydrocarbons, exclusive of those 
containing a benzene ring, is of considerable interest in 
respect to knocking characteristics, not only because of the 
presence in considerable amount of many of these com- 
pounds in commercial fuels, but also because of the many 
varieties of isomerism which may exist and which may 
greatly affect their behaviour in the engine as regards 
knock. 

Compounds containing the cyclohexane ring have been 
investigated to a considerable extent as represented by over 
30 individual compounds. The values as recorded in the 
appendix are represented graphically in Fig. 5, in which 
the aniline equivalents have been used as the basis of com- 
parison. A number of general relationships appear from 
these data on the cyclohexane hydrocarbons. 

(1) Cyclohexane itself has superior anti-knock quality to 
/ 2 -hexane; the closure of the ring apparently enhances this 
quality. 

(2) The presence of an unbranched side chain results in 
a decrease in aniline equivalent, and its lengthening appears 
to be a regular and progressive change and of a magnitude 
similar to that previously observed with the paraffin hydro- 
carbons. The relation holds not only for the lengthening of 


a straight side chain on cyclohexane itself, but also on 
methyl cyclohexane. In fact, this relation appears to be so 
general as to include lengthening of the carbon chain of a 
branched side chain, which results, approximately quanti- 
tatively, in a similar decrease in anti-knock value. 

(3) The effect on knock of branching a side chain appears 
to be very great. A cyclohexane hydrocarbon with highly 
branched or centralized side chain may be very much 
superior in anti-knock value or aniline equivalent upon 
a molecular basis to the parent cyclohexane itself. 

(4) The effect of position isomerism on the knocking 
characteristics of the cyclohexane hydrocarbons appears to 
be very small for the compounds upon which data are 
available, and while the differences in knock between cyclo- 
hexane derivatives with side chains on adjacent or non- 
adjacent carbon atoms may be appreciable, it docs not at 
present appear to be very significant. 

(5) Another type of isomerism is that in which the side- 
chain carbon atoms have a different distribution between 
the chains. In general, it seems to be that a centralization 
of the molecule, or the distribution of the side-chain carbon 
atoms into a greater number of shorter chains, increases 
the anti-knock value of the hydrocarbon. However, the 
centralization of the single side chain itself in some cases 
increases the aniline equivalent much more than does re- 
distributing the atoms among the different side chains. 

(6) Comparing paraffins and cyclohexane hydrocarbons 
having the same number of carbon atoms, the cyclohexanes 
appear to be within the range of anti-knock quality that is 
established by the paraffins, and on the whole the range 
covered by these classes of hydrocarbons seems to be 
approximately the same. 

Cyclopentane Hydrocarbons 

The knocking characteristics of the cyclopentane hydro- 
carbons are not represented by nearly as many individuals 
as are the cyclohexane hydrocarbons. However, as far as 
is known, these two classes are quite similar to each other 
in the respect to which changes in the structure affect the 
knocking properties. Upon the molecular basis, cyclo- 
pentane itself is superior to / 2 -pcntane, and superior to 
cyclohexane. The seven carbon-atom ring, cycloheptanc, 
is lower in anti-knock value than cyclohexane. Data upon 
the cyclopentane hydrocarbons are shown graphically in 
Fig. 6. 

Cyclohexene Hydrocarbons 

Those hydrocarbons containing a single double bond in 
a six-membered ring also have many points of similarity 
to the saturated cyclohexane hydrocarbons with a few 
exceptions, as far as is known at present. 

The data on these cyclohexcne hydrocarbons, as repre- 
sented by over 20 compounds, is given graphically in Fig. 5 
together with the corresponding saturated hydrocarbons 
for comparison, so as to permit of some generalizations 
upon the relation of their structure to the knocking charac- 
teristics. 

(1) The lengthening of the unbranched side chain at- 
tached to the ring results in a progressive decrease in 
anti-knock value. However, it is worthy of note that 
methyl cyclohexene and also the dimethyl cyclohexenes are 
much superior as far as knock is concerned to cyclohexene 
itself. On the other hand, the addition of one^or even two 
methyl groups to the cyclohexane ring resulted in a decrease 
in anti-knock value. 
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(2) The effect of position isomerism for the cyclohexene 
hydrocarbons appears much greater than in the corre- 
sponding cyclohexanes. It is possible, of course, that this 
may be related to the relative position of the double bond 
in the ring. As far as is known, the isomers in order of 
decreasing anti-knock value are arranged 1-2, 1-3, and 1-4 
in general, the 1-4 being inferior to either the 1-2 or the 
1-3 isomers. 

Cyclopentene Hydrocarbons 

As far as is known, the cyclopentene hydrocarbons have 
much the same general behaviour as the cyclohexenes. The 
data on the compounds is shown in Fig. 6, which also 
shows the cyclopentanes for comparison. 

In general, these unsaturated cyclic compounds are, as 
can be seen, superior to the corresponding saturated com- 
pounds, and the progressive lengthening of a single straight 
side chain decreases their anti-knock value. Exhibiting a 
behaviour similar to that observed in the cyclohexene 
scries, methyl cyclopentene is superior to cyclopentene 
itself. 

Aromatic Hydrocarbons 

Aromatic hydrocarbons, as typified by benzene and 
toluene, were early recognized as superior compounds in 
respect to their tendency to knock in an engine. This class 
of compound has been extensively investigated, and the 
knocking characteristics of over 50 individual compounds 
have been measured, and a number of them by different 
investigators whose data appear to be in good agreement 


in general, especially in view of the fact that many of these 
compounds are quite sensitive to engine conditions. 

Fig. 7 is a graphical representation of the data in terms 
of aniline equivalents, and from this a number of the 
general and more consistent relationships between mole- 
cular structure and knock become especially apparent. 


(1) The addition of a progressively lengthened straight 
saturated side chain to the benzene nucleus results in a pro- 
gressive increase in anti-knock value up to w-propylben- 
zene with a carbon chain-length of 3. Further increase in 
the length of the side chain results in a progressive lowering 
of the aniline equivalent, n-heptylbenzene, on a molecular 
basis, is only slightly better than w-hexane. Thus it appears 
as if after the straight alkyl side chain has reached a certain 
length, its lower anti-knock character begins to weigh 
against the anti-knock effect of the benzene nucleus and 
further increases in length of the alkyl side chain finally 
overcome the anti-knock effect of the benzene ring. 

(2) Addition of methyl groups to the benzene nucleus 
results in a progressive increase in aniline equivalent. Thus 
toluene is higher in anti-knock quality than benzene, the 
xylenes are higher than toluene, and mesitylene is higher 
than the xylenes on a molecular basis. 

(3) Position isomerism appears to exert a considerable 
effect on anti-knock quality as represented by the data on 
the xylenes and methyl-ethyl benzenes, and the compounds 
fall in order of increasing anti-knock values: ortho, meta, 
and para. 

(4) Branching of the side chains containing more than 
three carbon atoms resulted in an appreciable increase in 
aniline equivalent. This is consistent with the previously 
observed behaviour of the paraffin and naphthene hydro- 
carbons. 

(5) For these aromatic hydrocarbons, among compounds 
of given molecular weight, the anti-knock value varies with 

the distribution of the carbon atoms 
in the side chains and is probably 
related to the relative positions of 
the different side chains. 

(6) The aromatic compounds as a 
class appear on this basis to be dis- 
tinctly superior to the paraffins, in 
that they are all better than the worst 
paraffins. However, there are paraf- 
fin hydrocarbons that have an anti- 
knock effectiveness, as measured in 
aniline equivalents, about the same 
as the best of these aromatic com- 
pounds. In addition, it should be 
borne in mind that the measure- 
ments upon which such comparisons 
are based pertain to rather dilute 
solutions in gasoline and to condi- 
tions of engine operation which ap- 
proximate those, now generally 
known as the ‘Research’ method. 
For details of the ‘ Research ’ method 
see article on knock measurement 
(Article 15). 

Some other compounds somewhat 
akin to the aromatics are also of in- 
terest in these relations. Compounds 
containing the cyclopentadiene ring 
appear to have high anti-knock 
value, and dimethylfulvenc with an 
aniline equivalent of 61 has the 
highest anti-knock value recorded in the literature for a 
pure hydrocarbon. Cyclohexadienes also have fairly high 
anti-knock value. 

IN THE PURE STATE ' 

As has been indicated previously, the relative knocking 
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Fig. 7. Aromatic hydrocarbons. 




KNOCKING CHARACTERISTICS AND MOLECULAR STRUCTURE OF HYDROCARBONS 301 1 

characteristics of hydrocarbons determined in dilute solu- [24, 1934], as expressed in terms of compression ratio for 

tion with a gasoline or another basic reference fuel do not incipient knock under certain specified conditions, 

necessarily correspond to the relative knocking charac- 
teristics of the same compounds as determined in the pure Paraffin Hydrocarbons 

state. However, most of the general rules for correlation The data on the paraffin hydrocarbons are represented 
within a given class of compounds seem to be valid for graphically in Fig. 8, in which critical compression ratios 
both conditions. are plotted against molecular weights for the hydrocarbons 
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NUMBCR or CARBON ATOM6 
Fig. 8. Critical compression ratios of some paraffin hydrocarbons. 



Fio. 9. Critical compression ratios of some olefine hydrocarbons. 


In discussing these correlations for the determinations of structure indicated by the abbreviated formulae. This 
made on compounds in the pure state, it is convenient to figure clearly shows the increasing tendency to knock with 

divide the hydrocarbons into classes, much as before, and increasing length of the straight carbon chain. The paraffin 

consider the classes separately. Most of the data have been having the least tendency to knock was methane. Increas- 

taken from the publication of Lovell, Campbell, and Boyd ing the length of the carbon chain abruptly increased the 

IV Ss 
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knocking tendency as shown by the steep slope of the curve 
down to n-pentane. Further increases in the length of the 
carbon chain resulted in appreciable but less abrupt 
changes in knocking tendency. 

Fig. 8 also shows the powerful influence of more com- 
pact space arrangement of the carbon atoms to produce 
decreased knocking tendency. The critical compression 
ratios of the heptanes vary from 2-8 for /z-heptane to 13 for 
2,2,3-trimethylbutane. It is thus evident that some of the 
paraffin hydrocarbons have extremely high anti- knock pro- 
perties. 

Unsaturated Aliphatic Hydrocarbons 

The data on the unsaturated aliphatic hydrocarbons are 
represented graphically in Fig. 9. This representation 
shows the critical compression ratios of the hydrocarbons 
of the structure indicated; there are also represented for 
comparison the compression ratios of the corresponding 
saturated compounds, as indicated by the origin of the 
vertical arrows. 

Usually the unsaturated compound has a higher com- 
pression ratio than the corresponding paraffin, but there 
are notable exceptions to this in the case of ethylene, 
acetylene, and propylene, whose compression ratios are 
much lower than the corresponding saturated compound, 
the difference being almost 10 ratios in the case of acety- 
lene. The position of the unsaturated linkage appears to 
be of considerable importance, and the specific effect of 
a double bond appears to increase as its location is moved 
towards the centre of the molecule. However, in the case 
of the straight-chain heptynes the effect of moving a triple 
bond towards the centre of the chain appears to be the 
opposite of that obtained in the case of the double bond. 
Centralization of two double bonds increases the com- 
pression ratio in the case of the hexadienes. 

Naphthenes and Aromatics 

A graphical representation of the relative knocking be- 
haviour of aromatic and naphthenic hydrocarbons is given 


in Fig. 10. A number of interesting relationships between 
molecular structures and knocking tendencies of these 
hydrocarbons may be seen: 


1. The saturated cyclic hydrocarbons have distinctly 
greater knocking tendencies or lower critical com- 
pression ratios than the corresponding aromatic 
hydrocarbons. 

2. The cyclohexane derivatives are comparable with 
commercial gasolines in knocking tendency for the 
most part. 

3. Although two and three double bonds within the ring 
exert a strong anti-knock effect, a single double bond 
produces comparatively little effect. Cyclopentene, in 
fact, had a lower compression ratio than cyclopentane, 
although this was an exceptional case. 

4. Increasing the length of the side chain increases the 
tendency to knock among both the aromatics and 
naphthenes. 

5. Branching of the side chain produces a decrease in 
knocking tendency both among naphthenes and aro- 
matics. 

EFFECT OF ENGINE CONDITIONS 

A large proportion of the more extensive data on the 
knocking characteristics of different hydrocarbons, and 
most of the data reported as aniline equivalents, were 
obtained under conditions of engine operation correspond- 
ing to the conditions at present generally known as the 
‘Research’ method. The determinations made under con- 
ditions of higher engine speed, mixture temperature, or 
jacket temperature indicate that the values may vary appre- 
ciably between the different conditions, as shown in specific 
cases by the data given in the tables. 

In terms of aniline equivalents, the relatively few data 
indicate that the aromatic hydrocarbons, as a class, are 
more susceptible to changes in engine conditions than other 
classes of hydrocarbons. The data also indicate that the 
relative knocking characteristics of two hydrocarbons, even 
of the same class, may vary somewhat with varying engine 
conditions. 

The more extensive data of Gamer and associates [13, 
1933] on the effect of jacket tem- 
perature indicate that in the case of 
the naphthenes and /?-paraffins the 
value (in terms of blending octane 
number) obtained at the higher 
jacket temperature is lower for the 
first members of the series, but that 
as the length of the carbon chain 
increases, the drop becomes smaller 
and eventually, at about the Cg 
member, the relation becomes re- 
versed. The higher olefines also 
appear to have lower anti-knock 
value when measured at the higher 
jacket temperatures. It is to be 
recognized, therefore, that all of 
these relations are based upon the 
comparison of one fuel with another 
under certain arbitrary engine con- 
ditions and do not represent abso- 
lute values applicable to all engines 
and all conditions. Usually, how- 
ever, the differences in relative 
values obtained under different 
conditions appear to be small in comparison with differences 
which have been observed between some different hydro- 
carbons and between some isomers. 



Fio. 10. Comparison of critical compression ratios of naphthenic and aromatic hydrocarbons. 
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EFFECTIVENESS OF LEAD TETRAETHYL 
IN HYDROCARBONS 

As has been indicated previously, the widespread use of 
lead tetraethyl as an anti-knock agent in motor fuels has 
led to a consideration of its relative effectiveness in sup- 
pressing knock in different hydrocarbons as a matter of 
considerable importance. A considerable amount of data 
has been published on this matter, for the details of which 
reference may be made to the individual values tabulated 
in the appendix. 

Something of a general view of the range of magnitude 
of the effects may be obtained from Fig. 11. In this figure 
the critical compression ratios of 
most of the hydrocarbons have been 
plotted against the effectiveness of 
lead in these materials (expressed as 
the change in the critical compres- 
sion ratio accompanying the addi- 
tion of 1 c.c. per gallon). For con- 
venience, the compounds are sepa- 
rately identified as saturated paraffins 
and naphthenes, alpha-olefines, di- 
olefines and acetylene compounds, 
other aliphatic olefines, and, finally, 
unsaturated cyclic compounds. 

Lines have been drawn on the chart 
passing roughly through the points 
of most of these different classifica- 
tions, but it is to be recognized that 
these lines do not necessarily repre- 
sent functions, nor do they neces- 
sarily have any absolute significance. 

There has also been indicated an 
area representing an approximation 
of the location on such a chart of 
present commercial gasolines. 

The line drawn roughly through 
the paraffin and naphthene hydro- 
carbons may indicate that com- 
pounds of higher anti-knock value as measured in terms 
of critical compression ratio are materials in which lead is 
progressively more effective. 

However, the line drawn through the compounds classi- 
fied as alpha-olcfines, diolefines, and acetylene compounds 
is substantially vertical. In other words, the effectiveness 
of lead in these compounds is substantially constant irre- 
spective of the critical compression ratios of the hydro- 
carbons under consideration. The location on the chart of 
the other olefines appears midway between the alpha-olefine 
line and the paraffins, so that there appears no very direct 
relationship between critical compression ratio and lead 
effectiveness. 

Of special interest are certain unsaturated cyclic com- 
pounds, including cyclopentadiene derivatives and certain 
aromatic compounds with unsaturated side chains. A line 
showing the general location of these hydrocarbons in- 
dicates a progressive lowering of the effectiveness of lead 
in them as the critical compression ratio of the compound 
increases. With a considerable number of these hydro- 
carbons, in fact, lead has a ‘negative’ effect; that is to say, 
the lead tetraethyl acts as a knock-inducer, and the critical 
compression ratio of the hydrocarbon is lowered by the 
addition of the lead. 

The few aromatic compounds which were investigated 
are shown on the upper right of the chart, and they appear 
as compounds in which lead is very effective. 


It is also of interest to consider the relationships of 
structure and lead effectiveness in the compounds more 
directly, and a view of these may be obtained from the 
data presented graphically in the other figures. Fig. 12 
shows the data obtained on the aliphatic double- and triple- 
bonded compounds, in which the effectiveness of lead as 
measured by the increase in the critical compression ratio 
accompanying the addition of lead tetraethyl per c.c. of 
lead per gallon has been plotted against the number of 
carbon atoms in the molecule for convenience. As is evi- 
dent, the compounds show a wide range of variation, the 
compounds in which lead is more effective appearing as 


those which usually have a double bond removed from the 
end of the molecule. 

A certain amount of data is available on the effect of the 
location of the unsaturated linkage in straight-chain un- 
saturated compounds on the effectiveness of lead in the 
compounds, and this has been portrayed graphically in 
Fig. 13. In this representation, the effectiveness of lead in 
the compound has been plotted against the position of the 
unsaturated linkage for the pentenes and some heptenes 
and heptynes. The data are quite incomplete for these series, 
but they suggest that as the double bond is progressively 
moved towards the centre of the molecule, the effectiveness 
of lead in the compound increases. The opposite condition 
would seem to prevail for the acetylene compounds, how- 
ever, and this relationship appears somewhat similar to that 
observed for the critical compression ratios of these same 
hydrocarbons. It is also of interest to note that in the case 
of the olefines with the double bond next to the terminal 
carbon atom or in the alpha position, the lower members 
of the series are compounds in which lead is more effective 
when the measurements are made with the pure com- 
pounds. 

Data on compounds containing a benzene ring with 
hydrocarbon side chains are represented in Fig. 14, plotted 
in a manner similar to that used in a previous representa- 
tion. Considering these particular compounds, it appears 
that those with a saturated side chain are those in which 
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Fig, 11. Relative anti-knock effect of lead tetraethyl in different types of hydrocarbons. 
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lead is especially effective. The introduction of unsatura- of double bonds into some cyclic compounds. In the case 
tion in the side chain reduces this quality of responding to of the series cyclohexane, cyclohexene, cyclohexadiene the 
lead. The compounds which contained a triple bond in effect of the lead becomes progressively less until in the case 


O 



NUMBER OF CARBON ATOMS IN 
MOLECULE 

Fig. 12. Effect of structure of unsaturated aliphatic compounds 
on effectiveness of lead tetraethyl. 
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POSITION OF UNSATURATED 
LINKAGE 


Fio. 13. Effect of position of unsaturation on effectiveness of lead 
tetraethyl. 

what might be termed a conjugated position to the benzene 
ring exhibited a negative lead effect, and the critical com- 
pression ratio of hydrocarbon phenylbutadiene appeared 
unaffected by lead tetraethyl. 

Some of the relationships suggested by this representa- 
tion may be more readily visualized by the diagram of 
Fig. 15, showing the effect of the successive introduction 
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of the cyclohexadiene the effect becomes negative. A simi- 
lar relationship is to be observed in the series cyclopentane, 
cyclopentene, and cyclopentadiene, although the magnitude 
of the phenomenon in this case is much greater. The series 
of ethyl benzene or phenyl ethane, phenyl ethylene, and 
phenyl acetylene also shows a similar relationship. 

APPENDIX 
Explanation of Tables 

In the following appendix the attempt has been made to 
gather together the original data on the knocking charac- 
teristics of hydrocarbons as well as the effectiveness of lead 
tetraethyl in them in so far as they are recorded in the 
literature. 

In all cases the values as given for a compound are 
grouped together for that particular compound. For con- 
venience, the hydrocarbons arc arranged in order of in- 
creasing molecular weight, and are arranged into tables as 
follows : 

I. Paraffin hydrocarbons. 

II. Unsaturated aliphatic hydrocarbons. 

III. Aromatic hydrocarbons. 

IV. Saturated naphthene hydrocarbons (five-carbon 
atom ring). 

V. Saturated naphthene hydrocarbons (six-carbon 
atom ring). 

VI. Unsaturated naphthene hydrocarbons. 

VI 1. Miscellaneous unsaturated hydrocarbons. 

In all cases where it has been possible in addition to 
the original data the blending octane numbers have also 
been given, in most cases as computed by Garner, Evans, 
Sprake, and Broom [13, 1933], since they afford a means 
of comparing the different values on an approximation to 
a common basis. In almost all cases, the agreement be- 
tween different observers is remarkably good, not only in 
view of the different sources of the hydrocarbons, but more 
especially in view of the different conditions under which 
the determinations were made. Such values of blending 


octane numbers are indicated in parentheses and may be 
considered as fairly comparable. 

The data as originally reported have also been recorded, 
and the authors, the engine conditions under which the 
determinations were made, and the units used in expressing 
the results have been indicated at the tops of the columns 
containing the numerical data. 

The original units in many cases arc quite different, and 
some of them whose significance is less obvious may be 
defined here: 

Aniline Equivalent pertains to dilute solutions of the 
hydrocarbon. A positive aniline equivalent indicates that 
the compound knocks less than the reference gasoline to 
which it has been added and represents the amount of 
aniline expressed as the number of centigram-mols per litre 
which must be added to the reference fuel to produce a fuel 
that is equivalent in tendency to knock to a one-molar 
solution of the compound in the reference gasoline — that 
is, to a solution containing one gram.-mol. of the com- 
pound made up to a volume of 1,000 c.c. with the reference 
gasoline. A negative aniline equivalent indicates that the 
compound knocks more than the reference gasoline and 
represents the amount of aniline, expressed as centigram- 
mols per litre, which must be added to the molar solution 
of the compound in the reference gasoline to make it 
equivalent in tendency to knock to the reference gasoline. 

Blending Octane Number also relates to dilute solutions. 
It represents the octane number of an ideal fuel (with linear 
relation between octane number and concentration) which 
produces an equivalent effect on knock in dilute solution 
as the compound considered. The value of the blending 
octane number may be defined more exactly by the equa- 
tion: 

On — Dn _ 

Oh^ y 

where 

Ofi — blending octane number of hydrocarbon, 

Oji measured octane number of the solution con- 
taining V fraction of hydrocarbon by volume, 

Ofi ^ measured octane number of reference fuel. 
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Table I 


Parqffin Hydrocarbons 




Lovell^ Campbell, and Boyd [20]. 600 r.p.m., 
212° F. Jacket. 1 g. mol. per litre in 55 octane 
gasoline. Aniline equivalents. {Blending oc- 
tane number*)^ 

Gamer et al. [13]. Series engine, 600 

r.p.m. 20% in gasoline. (Blending octane 


Thornycroft and Ferguson [34]. E-5 engine, I 
J,5(X} r.pjn., 140° F. Jacket. in refer- 

ence fuel. Increase in Compression Ratio. 
(Blending octane number*) 

1 

Hoffman et al. [15]. 800 r.p.m., 70° C. 
Jacket, 40° C. Mixture. 30% in gasoline. 
Increase in Compression Ratio. (Blending 
octane number*) 

Lovell, Campbell, and Boyd [24]. 600 r.pjn., 
212® F. Jacket. Critical Compression Ratio 

Neptune and Trimble [28]. C.F.R. engine. 
Octane numbers 

Thornycroft and Ferguson [34]. E-35 engine, 
60° C. Jacket. H.U.C.R. 

Campbell, Signaigo, Lovell, and Boyd [7]. 
600 r.pjn., 212° F. Jacket. Increase in 
Criticcu Compression Ratio for addition of 
1 c.c. lead tetraethyl per gallon. 

Methane .... 



212® F. 
Jacket 

300® F. 
Jacket 



15 




Ethane .... 







14*0 




Propane .... 





. . 


12*0 

125 

..t 

, . 

/t-Butane .... 







6*4 

91§ 

8*0t 


150-Butane 







8*9 

99§ 

7*5J 

, . 

n-Pentane .... 


1(60) 

(70) 

(57-5) 

0*4(68) 


3*8 

64§ 

60t 

0*50 

2-Methyl butane 


9(92) 

(94-5) 

(82-5) 



5*7 

90§ 


0*95 

2,2-Dimethyl propane 


15(116) 









it-Hexane .... 


[-6(29)1 

-6(29) 

(26-5) 

(23-5) 

-0*35(39) 

“0*28(7)11 

3*3 


5*0 

0*20 

2-Methyl pentane 


4(69) 

, , 



-0-04(55)11 





3-Methyl pentane 


8(84) 

, . 








2,2-Dimethyl butane . 


13(101) 




0*57(115)11 





2,3-Dimethyl butane . 


19(124) 




0*39(97)11 





if-Heptane 


f [13(14)] 
14(0) 

(0) 

(0) 

-1-2(14) 

-0*53(-27) 

2*8 


3-7n 

0*20 

2-Methyl hexane 


0(55) 









3-Mcthyl hexane 


3(65) 









2,2-Dimethyl pentane 


8(80) 



• • 






2,3-Dimethyl pentane 


12(94) 









2,4-Dimethyl pentane 


8(80) 



, , 


5*0 



0*80 

3,3-Dimethyl pentane 


13(98) 



, . 






2,2,3-Trimethyl butane 


19(116) 


I . [ 



13*0 




3-Ethyl pentane 


4(68) 





3*9 



0*20 

/t-Octane .... 

- 

-21(-19) 

(-20) 

(-13) 

-l*75(-6) 

-0*74(-50) 





2,5-Dimethyl hexane . 


5(69) 









2,2,4-Trimethyl pentane 


^[13(93)] 

[ 16(100) 

(100) 

(100) 



7*7 



2*10 

2,2,3-Trimethyl pentane 


17(105) 





12*0 




2,2,3,3-Tetramethyl butane . 


26(130) 









n-Nonane .... 


-28(-34) 









2,6-Dimethyl heptane 


-6(36) 









n-Decane .... 


-30(-32) 



—2*3 approx. 






2,7-Dimethyl octane . 


-10(25) 




3*3 



0*20 

3,3,4,4-Tctramethyl hexane . 


29(124) 









3,4-Diethyl hexane 


0(55)** 





3*9 


•• 

•• 


* Blending octane numbers as computed by Gamer, Evans, Sprake, and Broom [13]. 
t Values in square brackets were determined on C.F.R. engine, 212® F. Jacket, 300® F. Mixture [24]. 

X Ricardo and Thornycroft [30] give values for H.U.C.R. in E-35 engine as follows: propane 8 0, butane 7-65, n-pentane 5*7, n-heptanc 3*75. 
§ Alden [1] gives values for octane numbers in C. F.R. engine at 900 r.p.m. as follows: wo-butane 100,n-butane92, /jo-pentane91, n-pentane 64. 
II Schmidt [31] gives the following values for the compression ratio of a base gasoline to which 10% of paraffin hydrocarbons had been 
added: n-hexane 4*40, 2-methyl pentane 4-61, 2,3-dimethyl butane 4*66, 2,2-dimethyl butane 4*87, n-heptane 4*36, n-octane 4*25. 
t Ricardo [29] gives value of 3-75 for H.U.C.R. of /i-heptane. 

•• Reference 24. 
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Table II 


Unsaturated Aliphatic Hydrocarbons 







r o 

•5 

III 


H^l 

C 2 o 

“S' 

a 

=§| 

•o'-'S 

8-§ 

V 

V4 

rs 

'S.-s-' 

1 -1 


Lovell, Campbell, and Boyd 
212° F. Jacket. I g. mol 
octane gasoline. Aniline eq 
ing octane number* * * § )^ 

Garner, Wilkinson, and .Voj 
engine, 600 r.p.m. 20*/^ sol 
Octane number of solution, 
number*) 

Values in italics refer to simi 
[10] and blending octane nu 

Nash and Howes [27, 18]. 
500 r.p.m., 140° F. Jacket, 
solution in gasoline. Equi va 
c.c. ethyl fluid per gallon 

Lovell, Campbell, and Boyc 
212° F. Jacket. Critical C 

Neptune and Trimble [28]. 
C.F.R. engine. 

Campbell, Signaigo, Lovell, 
r.pjn., 212° F. Jacket. In 
Compression Ratio for addt 
tetraethyl per gallon.X 



212® F. 

300® F. 







Jacket 

Jacket 





Ethylene ...... 


58-9(85-5) 

54-9(82-5) 


8-5 



Acetylene ...... 





4-6 



Propylene 

2-Methyl propene .... 

;; 

61-6(102) 

57-2(94-5) 


8-4 

87 


1-Butene ...... 


64-4(111-5) 

57-4(95) 



80 


2-Butene 






83 


1-Pentene ...... 

10(98-5) 

61-4(98-5) 

54-2(82) 


5-8 


I6’3% 

\0-30 

2-Pcntene 

/[13(107)]t 

16(125) 

65'6{128)X 

600(112)% 

3-5 

70 


0-50 

2-Methyl-2-butene .... 

[15(122)]t 

1 23(157) 

70(150)1 

60-5(ll4S)t 

4-5 

7-0 


0-70 

1,5-Hexadiene 

6(79) 

55’4(n)X 



4-8 


0-25 

2,4-Hexadiene 

29(174) 




66 


0-10 

1-Hexene ...... 

0(85) 

56-3(80) 

52(58-5) 


4-6 


70% 

2-Hexene 

12(100) 




5-4 



3-Methyl-2-pcntene .... 

14(109) 




8-6 


o-io 

2, 3-Dimethyl- 1,3-butadiene 

38(212) 





1-Heptene 

0(55) 

53-5(59-5) 

49-6(54-5) 


3-7 


(s/t 

\0-25 

3-Hcptene 

12(95) 

62-7(113-5) 

54-8(86) 


4-9 


0-80 

2,3-Dimethyl-2-pentene 

21(127) 






0-70 

2,4-Dimethyl-2-pentene 

20(122) 




8-8 


2,2-Dimethyl-4-pentene 

27(147) 




1 10-0 



2,2,3-Trimethyl-3-butene 

23(132) 




1 12-6 



3-Ethyl-2-pentene .... 

20(124) 

578(133)% 

51 ’5(1 21)% 


1 6-6 


0-50 

1-Heptync 

6(76)§ 




4-9 


0-33 

3-Heptyne 

2- Methyl-5-hexyne .... 

3- Ethyl- 1 ,3-pentadiene 

24(140) 

578(89)% 

5;-5((59-5)t 


3-4 


0-10 

{9 4% 

\015 

1-Octene 

(25) 

50(38-5)t 

47(89-5) 


3-4 


2-Octene 

0(55) 







3-Octene 

6(73) 







4-Octene 

12(91) 







2-Octyne 

2(62)§ 




4-0 


o-io 

2-Mcthyl-5-hexene . . . . 

8(83) 




4-7 


0-25 

3-Methyl-5-hexene . . . . 

9(86) 




5-0 


0-20 

2,2,4-Trimethyl-3-pentene . 

30(144) 



6-6 

10-0 


0-35 

2,2,4-Trimethyl-4-pentene . 

32(150) 




11-3 


0-25 

1-Nonene 


44(15) 

40(20) 

I 




111% 


* Blending octane numbers computed by Garner, Evans, Sprakc, and Broom [13]. 

t These values were determined on C.F.R. engine, 900 r.p.m., 212® F. Jacket, 300® F. Mixture [24]. 

X These values are data of Gamer, Wilkinson, and Nash [12] given in increase in octane number of 20% solutions of the hydro- 
carbons in gasoline for the addition of 1 c.c. lead tetraethyl per gallon measured in Series 30 engine, 600 r.p.m., 212® F. Jacket. 

§ Reference 24. 
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Table III 


Aromatic Hydrocarbons 


j 

4$ 1 

'I' 2 k 

1 

a 

- C ^ C 

Si ^ 

-S .o 

fell 



ill 

! 

1 

i 

i 

Campbell, and Boyd [ 23 ]. 600 
Jacket. 1 g. mol. per litre of 55 
e. Aniline equivalents. {Blend 
tmber)* 

Q O 1 

and Nash [ 18 ]. Series 30 engii 
140° F. Jacket. 20 % soluti 
in gasoline. Equivalent to nun 
thvl fluid per gallon. {Blending 
*) 

n et al. [16, 17]. 800 r.p.m., 
40° C. Mixture, 30 % by vol 
■». Increase in Compression 
ng octane number*) 

5 

. S 

03 2 

55 

fici 

0 

b 

Jii 

t 

ell, Signaigo, Lovell, and Bo^ 
p.m., 212 ° F. Jacket. Incre 
’ Compression Ratio for addi 
ead tetraethyl per gallon. 


5:U;:§ S 1 

Garner 

r.p.m. 

Octane 

number 

Howes 
r.p.m., 
volume 
c.c. of 
number 

m 


1 

k.- Q 



212“ F. 

300“ F. 






1 

1 [6(87)]t 

1 10(108) 

Jacket 

Jacket 






Benzene . . | 

60-2(101) 

55-2(88) 

21(96)§n** 

0-49(108) 

>15 

6-9 

7-4, 9 2% 

Toluene . 

1 [8(90)]t 

1 15(120) 

62-2(113) 

58(102) 

2-75(106-5)11’'* 

amv.iT) 

13-6 

>7-0 

7-8, 11 2t 

Phenyl acetylene 

5(76) 




0-14(65) 

12-4 1 

-0-80 

Phenyl ethylene 

20(137) 




0-54(113) 

14-0 I 

18-9, 'iLSt 
12-00 

Ethyl benzene . . i 

1 

f [ll(97)lt 

1 19(128) 

64-1(120-5) 

60(112) 

3-8(123)** 

0-58(117) 

10-5 

1 

o-Xylene . i 

([ll(97)]t 

1 17(121) 



3-2(114-0) 

0-93(142) 

9-6 . . 


m-Xylene . i 

((13(104)11 

1 23(144) 



4-0(125-5) 

0-93(142) 

13-6 



p-Xylcnc 

([13(104)lt 
\ 26(154) 



4-2(128) 

0-93(142) 

14-2 



1 -Phenyl propyne 

11(97) 




.. 

7-4 


0-12 

3-Phenyl propyne 

8(86) 





11-8 


-0-30 

p-Tolyl ethylene 

30(163) 








/i-Propyl benzene 

24(137) 

64(120) 

59-9(112) 



ibi 


9 0, 1L9X 

«o-Propyl benzene 

22(128) 



2-6(104-5) 


11-9 1 

1,2-Methylethyl benzene 

15(107) 







1,3-Methylethyl benzene 

22(130) 








1,4-Methylethyl benzene 

27(147) 








1,3,5-Trimethyl benzene 

1 [16(109)]t 
\ 31(161) 

66-2(131) 

64-4(134) 



14-8 

.. 

99X 

1,2,4-Trimethyl benzene 

20(123) 








2-o-Tolyl propene 

25(134) 








2-/n-ToIyl propene 

37(173) 








2-p-Tolyl propene 

37(173) 






.. 


1-p-Tolyl propene 

29(148) 








Tetrahydro naphthalene 

19(121) 








rt-Butyl benzene 

20(115) 

62-1(110-5) 

56-8(102-0) 





7 3, 9'6X 

150-Butyl benzene 

20(115) 





7-7 


5ec-Butyl benzene 

21(119) 



1-8(91) 


10-1 



ref/-Bulyl benzene 

25(130) 



3-2(114) 


12-5 



l,2-Methyl-/i-propyl benzene 

19(114) 







1,3-Methyl-o-propyl benzene 

25(130) 








l,4-Methyl-/i-propyl benzene 

25(130) 








1,2-Methyl-iso-propyl ben- 

20(117) 








zene 









1,3-Mcthyl-iso-propyl ben- 

26(134) 








zene 







1 


1,4-Methyl-iso-propyl ben- 

27(136) 



4-2(128) 


11-1 


1-00 

zene 









1,3-Diethyl benzene . 

1 (24(126)]t 

1 30(145) 




V 

10-8 


. , 

1 ,4-Diethyl benzene . 

34(158) 





9-3 



1-Phenyl- 1 ,3-butadiene 

/ [30(149)]t 
\ 33(158) 





9-5 


00 

n-Amyl benzene 

17(101) 








/er/-Amyl benzene 

23(118) 



3-2(114) 


12-1 


2-d* 

1,4-Methyl-tert-butyl ben- 




3-8(123) 



zene 









l,2-Mcthyl-/i-butyl benzene 

17(102) 








l,3-Methyl-/i-butyl benzene 

21(113) 








l,4-Mcthyl-/i-butyl benzene 

25(123) 








Trimcthyl phenyl allene 

36(154) 





8-3 


-oid 

l,2-Methyl-/i-amyl benzene 

14(90) 






1,3-Methyl-n-amyl benzene 

14(90) 








l,4-Methyl-/i-ainyl benzene 

18(100) 





, , 
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Table III — continued 


V. 0.5 
ft 

LL:5 u; 

•Sil 

CJ <1, 

•o ^ 


1 .2- Methyl-iso-amyl 
zene 

1 .3- Mcthyl-iso-amyl 
zene 

1 .4- Methyl-iso-amyl 
zene 

Phenyl cyclohcxcne 
Phenyl cyclohexane 
Diphenyl methane 
/ 2 -Heptyl benzene 


ben- 

16(95) 1 

ben- 

20(104) 

ben- 

26(120) j 


26(130) 1 

-7(31) 1 


. ■ 26(128) ! 
. I -3(46) I 


§11 

iiE 

5.2-5 
'c"5 . 

> ^ ft 

^ ^ .0 


53 O fc. 

ta® ' S 
^•N K* * * § ** 

G § 



•o k. 2 
sj Sf <j 

.'•ll s, 
1.|’ 
l-a"? 

O ^ 

* o t 5 flq 

t Is 

«o - 3-2 

t'^ll 

.3'*^ g 3 

§---s-sr 


8 


“0^ Ip 

► V 2i 

25 s = 

“”^2^ 

• SP 
§ ^ c:^ 

^15 


5-a 

s.i 


5* ^ 
-I 

tSa 
k; .r: 

2*.^ 

a:‘>^ 

^ o 

IS 


tK 

0 
b 
iii 

§ 

1 


* 955.1 

lil 

Q ,2 *: 

-si ^.2 

l-Ma 

cTk! •S’X 
2 — ^ 
r|2 

^ s 

<5 c a-^ 
£3. u . 

U^L>« 




* Blending octane numbers as computed by Garner, Evans, Sprake, and Broom [13]. 

t These values were determined on C.F.R. engine, 900 r.p.m., 212 ' F. Jacket, SOO"* F. Mixture [24]. 

i These values are data of Garner and Evans [11] given in increase in octane number of 20% solutions of the hydrocarbons in 
gasoline for the addition of 1 c.c. lead tetraethyl per gallon measured in Series 30 engine, 600 r.p.m., 21 F. and JOO"' F. Jacket respectively. 

§ Birch and Stansfield [2] found for 20% by weight in gasolim* in E-5 engine a change in H.U.C.R. of 0*27; the mixture was equivalent 
to 61*2% benzene in //-heptane (value of base fuel 55-3). (Blending octane number* of 105.) 

11 Garner et al. [12] give values for blending octane numbers of 101 and 118 respectively for benzene and toluene as computed from data 
of Thornycroft and Ferguson [34]. 

51 Schmidt [31] gives values of the compression ratio of a base gasoline to which 10% of benzene and toluene have been added of 4*61 
4*93 respectively. 

** Blending octane numbers as computed by Garner and Evans [11]. 
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• Blending octane numbers as computed by Garner, Evans, Sprake, and Broom [131. 
t Values in brackets were determined on C.F.R. engine, 900 r.p.m., 212® F. Jacket, 300® F. Mixture [24]. 
t Campbell, Lovell, Signaigo, and Boyd (7) give 2*7 comp, ratio increase for 1 c.c. tetraethyl lead per gallon. 
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Table V 


Saturated Naphthene Hydrocarbons (Six Carbon Atom Ring) 


Cyclohexane .... 
Methyl cyclohexane . 

1.2- Dimcthyl cyclohexane 

1.3- Dimethyl cyclohexane 

1.4- Dimcthyl cyclohexane 
1,3,5-Trimethyl cyclohexane 
Ethyl cyclohexane . 

Cyclohexyl acetylene 

1.2- Methyl ethyl cyclohexane 

1.3- Methyl ethyl cyclohexane 

1.4- Methyl ethyl cyclohexane 

1.3- Diethyl cyclohexane . 

1.4- Dicthyl cyclohexane 
/i-Propyl cyclohexane 
wo-Propyl cyclohexane 

1.2- Methyl-/z-propyl cyclohexane 

1.3- Mcthyl-n-propyl cyclohexane 

1.4- Methyl-/i-propyl cyclohexane 

1 .4- Methyl-iso-propyl cyclohexane 
/i-Butyl cyclohexane . 
wo-Butyl cyclohexane 
jec-Butyl cyclohexane 
/<?r/-Butyl cyclohexane 

1.2- Mcthyl-n-butyl cyclohexane 

1.3- Mcthyl-/i-butyl cyclohexane 

1.4- Methyl-/i-butyl cyclohexane 

1,3-Methyl-iso-butyl cyclohexane 
w-Amyl cyclohexane 
wo-Amyl cyclohexane 
/er/-Amyl cyclohexane 

1,2-Methyl-rt-amyl cyclohexane 
Deca-hydronaphthalene . 
Dicyclohexane 

Cycloheptane .... 










o * 

# 



r 

ill 

Campbell^ and Boyd [22]. 60C 
Jacket. 1 g. mol. per litr 
gasoline. Aniline equivalents, 
ane number*)^ 

ctI 

. c 

Jj c 

II 

tion. {Blending octane number 

nan et al. [16, 17]. 800 r.pjn. 
et, 40° C. air. 30% by volume 
Increase in Compression Ratio. 
Ktane number*) 

g.o 

4 

1 

S 

i 

1 

1 

td>eU, SignaigOt Lovell^ and Bo 
r.pjn., 212* F. Jacket. Inert 
coil Compression Ratio for addi 
lead tetraethyl per gauon.X 

vj 







3! Sis: -5 



mi 


212® F. 

300® F. 






Jacket 

Jacket 





I6(81)]t 

7(86) 

59 1(97-5) 

53-8(84) 

012(63) 

4-5OT** 

>6 

f 6-5, lo st 
10-65 

[5(81)]t 

5(74) 

55-7(75) 

51-5(65-5) 

0-34(90) 

4-6 

6 

f9'5: 

10-30 

I2(62)]t 

6(75) 

56-2(81) 

51-8(71-0) 

0-49(108) 

5-1 


10-35 

4(68) 

53-7(68-5) 

51-5(69-5) 


4-4 


|9-St 

1 0-21 

6(75) 

54-7(73-5) 

50-1(62-5) 

0-49(108) 

4-3 


6-3, IJ-Ot 

2(61) 






-3(44) 

48(41) 

44(35-5) 

0-21(75) 

3-8 


91, io-8t 

9(88)tt 




4-6 


0-21 

[0(55)]t 

0(55) 




4-3 


0-16 

-6(34) 




3-8 


0-12 

-8(27) 




3-7 


0-13 

-13(13) 




3-2 



-13(13) 




3-3 



10(20) 

42-7(14-0) 

4105) 




114% 

0(55) 

[-6(71)]t 

-5(37) 




3-6 


0-12 

-10(22) 




3-4 


0-12 

’ 10(20) 




3-3 


0-12 

1(58) 




4-0 


0-26 

-16(3) 

- 6(35) 

39(-5) 

* 1 


3-3 ! 


11-5X 

-3(45) 




3-6* 



16(99) 

[-13(87)]t 

-16(6) 




3-4 


0-10 

-20(-5) 




3-3 


0-10 

-20(-5) 

-5(41) 




3-2 


0-10 

-21(-8) 




3-1 ’ 



-14(14) 




3-3 



6(70) 




4-2 



-17(8) 




3-2 


O-lci 

-3(44) 

-21(-8) 

-6(27) 




3-6 


0-13 


* Blending octane numbers as computed by Garner, Evans, Sprake, and Broom [13]. 

t These values were determined on C.F.R. engine, 900 r.p.m., 212® F. Jacket, 300® F. Mixture. 

X These figures are data of Garner and Evans [11] given in increase in octane number of 20% solutions in gasoline for the addition 
of 1 c.c. lead tetraethyl per gallon measured in Series 30 engine, 600 r.p.m., 212® F. and 300® F. Jacket respectively. 

§ Schmidt [31] gives a value of 4-51 for the compression ratio of a base gasoline to which 10% of cyclohexane had been added. 

II Birch and Stansfield [2] found for 20% by weight in gasoline in an E-5 engine a change in H.U.C.R. of 0-26; the mixture was equivalent 
to 61-0% benzene in /i-heptane (value of base fuel 55*3). (Blending octane number* of 101.) 
t Blending octane number* of 90 from data of Thornycroft and Ferguson [34]. 

** Howes and Nash [19] in a Scries 30 engine, 500 r.p.m., found a 20% solution by volume in gasoline to be equivalent to 1 c.c. of ethyl 
fluid per gallon, 
tt Reference 24. 
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Table VI 


Unsaturated Naphtiwne Hydrocarbons 



rAi bo 

ill 


e'I 

ci.3 




c> c 
^ o 

Is 



ii| 





jg-g 


a 

a.S-S 



nil 

1 

«G SI 1 



^ c: 




=5^:5 ^ 




boo 


r- 

Cyclopcntenc .... 

([14(118)] 

1 16(140) 

0-36(92) 

7-9 i 

1 -Methyl cyclopcntenc 

20(143) 

0-48(108) 

•• ! 

1 -Ethyl cyclopcntenc . 

12(102) 


•• 1 

l-/i-Propyl cyclopcntenc 

12(96) 


• 1 

l-/j-Butyl cyclopcntenc 

9(82) 


1 .. 1 

1-n-Amyl cyclopcntenc 

3(63) 

i 

1 • * 1 

Cyclohexenc .... 

(19(97)] 

1 10(102) 

0-62(120)t§|l, 4-8 ; 

i 

1 -Methyl cyclohcxcne 

1 20(133) 

X 

4-8 

1,2-Dimethyl cyclohexene . 

19(121) 


1 1 

2,4-Dimethyl cyclohexenc . 

19(120) 


' " i 

1 -Ethyl cyclohcxcne . 

13(100) 



l-Methyl-2-ethyl cyclohexenc 

j 25(133) 

- - 


2-Ethyl-4-mcthyl cyclohexenc 

• 20(117) 

.. 

• • 

l-Ethyl-4-mcthyl hexene 

1 18(110) 

.. 

i • * ' 

l-Mcthyl-2-«-propyl cyclohexenc 

18(105) 


' *• 

l-/i-Propyl-4-meihyI cyclohexenc 

I 12(88) 


1 1 

! ■ ’ 1 

2-«-Propyl-4-methyl cyclohexenc 

18(105) 


1 . . 1 

1-n-Butyl cyclohexenc 

3(63) 


i 

l-Methyl-2-/z-butyl cyclohexenc . 

13(88) 


.. 

l-w-Butyl-4-methyI cyclohexenc . 

7(73) 



2-n-Butyl-4-mcthyl cyclohexenc . 

13(88) 



1-n-Amyl cyclohexenc 

1(58) 



1 -/JO- Amyl cyclohexenc 

-3(45) 



l-Methyl-2-//-amyl cyclohexenc 

11(81) 



1 -Cyclohexyl cyclohexenc 

5(69) 




0-20 


0-20 


♦ Blending octane numbers as computed by Garner, Evans, Sprake, and Broom [13]. 

t Values in brackets were determined on C.F.R. engine, 900 r.p.m., 212® F. Jacket, 
300® F. Mixture [24]. 

t Birch and Stansfield [2] found for a 20% by weight solution in gasoline in an E-5 
engine a change in H.U.C.R. of 0*65 and 0-72 for cyclohexene and methyl cyclo- 
hexene respectively. (Blending octane numbers of 129 and 155.) The mixtures were 
equivalent to 68-3% and 651 % respectively of benzene in /i-heptane, and a similar 
value of the base fuel was 55*3. 

§ Howes and Nash [19] found 20% cyclohexenc in gasoline to be equivalent to 
2'4 c.c. ethyl fluid in the gasoline. (Blending octane number* 99.) 

II Blending octane number* of 125 as computed from data of Thornycroft and 
Ferguson [34]. 
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KNOCKING CHARACTERISTICS AND MOLECULAR STRUCTURE OF HYDROCARBONS 

Table VII 

Miscellaneous Unsaturatecl Hydrocarbons 


Cyclopentadicne 

Dicyclopentadicnc 

1.3- Cyclohexadicnc 

1.4- Cyclohexadiene 
Diemthyl fulvene 
Methylphenyl fulvene 

Indene . 


123]. 600r.p.m., 
litre in 55 octane 
ts. {Blending oc- 

00 r.p.m., 70^ C. 

in gasoline. 
Rario. {Blending 

[24]. 600r.p.m., 
mpression Ratio. 

and Boyd [7]. 
ft. Increase in 
for addition of 
Ion. 

HI 

a 

00 or,-. 

12 2 ^ 

1 - 

cT'.-.i-S, 


t|.E| 

ii 

r|5l 


Hojfmt 

Jacket 

Increas 

octane 


So = H 

34(250) 

0-76(132) 

10-9 

-0-90 

65(283) 

M8(153) 

11-0 

-0-30 

97(244) 

95(198) 


5-9 

-002 

61(295) i 
36(157) ! 


9-2 

-6-13 

1(16(120)] 

\ 21(140) 


11-2 

-0-10 


• Blending octane numbers as computed by Garner, Evans, Sprake, and Broom [13]. 
t Value in brackets was determined on C.F.R. engine, 900 r.p.m., 212® F. Jacket, 
300® F, Mixture (24). 
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11. ANTI-KNOCK COMPOUNDS 

By GEORGE CAUNGAERT, D.Sc. 

Research Laboratories of the Ethyl Gasoline Corporation^ Detroit, Mich. 


Introduction 

The term ‘anti-knock compound’ or, simply, ‘anti-knock’ 
refers to a number of materials which have the property, 
when added in small amounts to the fuel charge of an 
internal-combustion engine, of suppressing or at least of 
strongly decreasing knocking. The term has been some- 
times loosely applied to cover also undoped fuels which 
have little or no tendency to knock. Present practice, how- 
ever, reserves the name ‘anti-knock’ for addition agents 
(or ‘dopes’), and uses the name ‘non-knocking fuels’ to 
cover both the fuels which pre-ignite before they knock 
(benzene, ethyl alcohol, &c.), and those whose tendency to 
knock is so slight that they never reach the knocking-point 
under ordinary conditions (‘iso-octane’, &c.). 

The discovery of the existence of anti-knock compounds, 
as well as the discovery of most of the members of the 
group, is to be credited to Midgley and Boyd working 
under the guidance and at the inspiration of C. F. Kettering 
[5, 1924; 24, 1920; 25, 1923]. Since the time of these 
original publications, the list of anti-knock compounds or 
classes of compounds has not been lengthened significantly. 
Boyd [5, 1924] has extended the list of the known anti- 
knock compounds of nitrogen, Egerton [8, 1930] has dis- 
cussed the effect of thallium, and Miiller-Cunradi [26, 1930] 
that of iron carbonyl. 

The present chapter gives a general idea of the com- 
pounds which are known to have anti-knock properties and 
discusses their relative effectiveness. The anti-knock com- 
pounds which have at times been considered to have 
commercial value are discussed in greater detail, and 
methods are given for the detection and quantitative deter- 
mination of these compounds in gasoline. The very in- 
teresting problem of the mechanism of anti-knock action 
is intimately related to the theory of knock itself, and is, 
therefore, included in other articles of this section, e.g. 1 
and 2. 

Relative Anti-knock Value of Different Compounds 

The evaluation of anti-knock effect necessitates measure- 
ments of the little-understood phenomenon called ‘engine 
knock’. The discussion in Article 15 of this complex 
phenomenon makes it clear that the occurrence and inten- 
sity of knock is profoundly affected by a large number of 
variables, of which the fuel composition (with or without 
anti-knock compounds) is only one. This means that any 
relative rating given for two or more anti-knock compounds 
holds only under the particular conditions of test. Fortu- 
nately, the various experimenters have always aimed to 
maintain reasonably normal operating conditions, so that 
in most cases their results are fairly representative of auto- 
mobile engine performance, although variations in relative 
anti-knock effectiveness up to 30 or even 50% may still be 
observed when the conditions of the tests are changed. The 
two major exceptions are the aromatic type of non-knock- 
ing fuels and the metal carbonyl anti-lmock compounds, 
which, when compared with aniline or lead tetraethyl, for 
instance, may vary several-fold in anti-knock effectiveness 
when the engine operating conditions are changed over 


comparatively short ranges, all well within those occurring 
in practice. These special cases will be illustrated later, and 
their occurrence should not materially affect the comparison 
of anti-knock compounds in general. 

A representative list of anti-knock compounds is given 
in Table I. The anti-knock effectiveness is expressed as the 
reciprocal of the number of mols. giving the same effect as 
1 mol of aniline, so that the numbers are a direct measure 
of anti-knock effectiveness. The data given by different 
authors have all been recalculated to the same basis. They 
are, however, listed separately, because even slight varia- 
tions in testing methods may affect the results, so that data 
from different sources are seldom strictly comparable. 

Table I 

Relative Effectiveness of Anti-knock Compounds 

(Reciprocal of number of mols giving the same anti-knock effect as 
1 mol of aniline.) 

A. Data of Campbell, Lovell, and Boyd [14, 1930], and of 


Midgley and Boyd [5, 1924; 25, 

1922-3] 

Benzene* 

0085 

2, 2, 4-Trimethylpentane* 

0085 

Ethyl alcohol* .... 

0104 

Xylene* ..... 

0142 

Aniline ..... 

1000 

Ethyl iodide .... 

109 

Titanium tetrachloride . 

3*2 

Tin tetraethyl .... 

40 

Diethyl selenide .... 

6-9 

Diethyl tellurido .... 

26-6 

Nickel carbonyl .... 

35 

Iron carbonylf .... 

50 

Lead tetraethyl .... 

118 


• Non-knocking fuels, listed here for the purpose of comparison, 
t Data from the authors’ laboratory. 

B. Data of Charch, Mack, and Boord [6, 1926] 


[Aniline 


. 101 

Cadmium dimethyl 


1-24 

Triphcnylarsine . 


1-6 

Titanium tetrachloride 


. 3-2 

Stannic chloride . 


41 

Bismuth triethyl . 


. 23-8 

Lead tetraethyl 


. 118 


In addition to the data reported above, Egerton also stated 
that thallium compounds and thallium vapours exerted a 
pronounced anti-lmock effect [8, 1930]. 

The compounds listed in Table I belong to several 
groups: metal compounds (halides, organo-metallic com- 
pounds), amines, hydrocarbons, &c. A better understand- 
ing of the relative values of these anti-knock compounds 
will be gained by a more extensive study of each group 
separately. 

Non-knocking Fuels. The compounds of the first group 
are the non-knocking fuels, and most of them exercise an 
effect which is less than one-tenth of that of a good amino 
anti-knock compound such as aniline. The amounts of 
these materials which are normally used (10 to 60%) arc 
sufficient to change the composition of the fuel quite appre- 
ciably. In the absence of an absolute scale of measurement 
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of anti-knock action, it is difficult to decide whether the 
effect obtained is merely the sum of the partial effects of 
the two fuels or whether the non-knocking fuel also acts 
as an inhibitor of the knock caused by the other fuel with 
which it is mixed. There are, however, a few indications 
that some non-knocking fuels also exert a slight anti-knock 
effect. As shown in Articles 1 and 2, slow oxidation of the 
fuel charge prior to ignition is an important factor in 
knocking. Gill, Mardles, and Tett [11, 1928] have shown 
that under certain conditions benzene inhibits the slow 
oxidation of w-hexane and cyclohexane, and Beatty and 
Edgar [3, 1934] have found a similar effect of 2, 2, 4-tri- 
methylpentane on the rate of oxidation of //-heptane, thus 
suggesting that these two hydrocarbons actually affect the 
tendency to knock of the other hydrocarbons present in 
the fuel charge. 

Amino Compounds. The second group of anti-knock 
compounds comprises the amino anti-knock compounds. 
Table II gives the relative effectiveness of a comprehensive 
series of compounds of this group. 


Table II 

A. Influence of some Groups attached to the Atom on the 
Anti-knock Effect of Nitrogen [5, 1924] 

(Reciprocal of number of mols. giving the same anti-knock effect as 
1 mol. of aniline.) 


Ammonia . 

Ethylamine 

Dicthylaminc 

Triethylamine 

Dicthylphcnylamine 

Ethyldiphenylamine 

Triphenylamine . 

Diphenylamine 

Phenylamine (aniline) 


. —0 09 (pro-knock 
0-20 effect) 

. 0-495 

0-14 
0-24 
. 0-58 

0- 09 

1- 5 

. 1-0 


B. Influence on the Anti-knock Effect of Aniline of Substi- 
tuting Various Organic Radicals for Hydrogen in the Ring 
and in the Amino Group [5, 1924] 


Aniline . . . . .1-0 

Toluidinc . .1-22 

m-Xylidine .1-4 

Cumidine . .1-51 

Ethylaminobenzene .1-14 

/i-Propylaminobcnzene .1-10 

/i-Butylaminobenzene . .1-11 

Amylaminobenzenc .1*15 

Aminobiphcnyl .1-14 

Monomethylaniline . .1-4 

Monoethylaniline .1-02 

Mono-/i-propylaniline . . 0-75 

Mono-/i-butylaniline . 0-52 

Mono-isoamylaniline . . 0-248 

Diphenylamine . .1*5 

Dimethylaniline .... 0-21 
Diethylanilinc .... 0-24 
Di-rt-propylaniline . . . 0-27 


compound used. This effectiveness apparently depends 
upon a special type of linkage between the nitrogen and 
the organic radicals. Thus the least effective compounds 
are those containing no aromatic linkage to the nitrogen, 
while the most effective contain at least one such linkage 
and at least one N-H linkage. This is probably related to 
some oxidation or oxidation-reduction process to which 
compounds of this type arc particularly susceptible. This 
relation is illustrated in Fig. 1, which is taken from Boyd’s 
publication [5, 1924]. 



Fio. 1. Influence on the anti-knock effect of aniline of substituting 
various organic radicals for hydrogen in the ring and in the amino 
group. 


Metallic and other Compounds. The next class comprises 
compounds of metallic or non-metallic elements, in which 
the anti-knock action is identified more closely with the 
element itself. This class, from iodine compounds to lead 
compounds, covers a l(X)-fold variation in effectiveness, 
and contains the most effective anti-knock compounds 
known. 

Table III illustrates the effect of different groups attached 
to some typical anti-knock elements. 


The anti-knock compounds which contain nitrogen stand 
out as a special class. They must be considered as true 
anti-knock compounds, since the most effective have a 
measurable action at a concentration as low as 0-1%, an 
amount which can hardly be considered to modify the bulk 
composition of the fuel. A first point, which is not com- 
pletely illustrated by Table II, is that the anti-knock effect 
is not due exclusively to the presence of the element nitro- 
gen, since some nitrogen compounds (nitro compounds, 
nitrites, &c.) actually cause detonation. The second point, 
which is well illustrated here, is that the anti-knock effec- 
tiveness varies about tenfold, depending on the type of 


Table III 

Relative Anti-knock Effectiveness of Different Compounds 
of the Same Elements 

(Reciprocal of number of mols. giving the same anti-knock effect as 
1 mol. of aniline.) 

A. Data of Midgley and Boyd [5, 1924; 25, 1922-3] 


Element 

Ethyl compound 

Phenyl compound 

Iodine 

1-09 

0-88 

Selenium . 

6-9 

5*2 

Tellurium . 

26-8 

22-0 
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B. Data of Charch, Mack, and Board [6, 1929] 


Compound 

Anti-knock 

coefficient 

Lead tetraethyl 

118 

Lead tetraphcnyl 

70 

Lead diethyl dichloride 

79 

Lead diphenyldimethyl 

115 

Lead diphcnyldiethyl 

109 

Lead diphenyl dichloride 

85 

Lead diphenyl dibromide 

71 

Lead diphenyl di-iodide 

94 

Lead tri-p-xylyl . 

77 

Lead ethyl xanthogenate 

8-3 

Lead thioacetate . 

100 

Bismuth triphenyl 

21-4 

Bismuth trimethyl 

23*8 

Bismuth triethyl . 

23-8 

Stannic chloride . 

41 

Stannic iodide 

151 

Tin diethyl di-iodide 

14-5 

Cadmium dimethyl 

1-24 

Titanium tetrachloride 

3-2 

Monophenyl arsine 

1-6 

Triphenyl arsine 

1-6 

C. Data of Gilman and Balassa [12, 1929] 

Lead dibutyldiphenyl . 

39 

Lead di-wobutyldiphenyl 

45 

Lead di-5ec-butyldiphenyl 

53 

Lead tetraethyl 

118 


It is clear that we are dealing here primarily with a pro- 
perty of the element and not of the compound : the change 
from the ethyl to the phenyl compound causes at most only a 
20% change in effectiveness instead of the threefold varia- 
tion observed between diethyl- and diphenyl-amines. 
Furthermore, in the case of iodine [16, 1927], and of vapours 
or fogs of lead, iron, tin, thallium, &c. [4, 1920; 8, 1926], it 
was shown that the elements themselves have anti-knock 
effect. The effectiveness in this case depends on the posi- 
tion of the element in the periodic table [21, 1926]. In any 
case, the element or its compound should be present in the 
combustion chamber in a highly dispersed form. This may 
be accomplished by volatilization of the metal in an arc, 
for instance [4, 1920; 8, 1926], or by introduction in the 
form of a compound which is soluble in the fuel and 
volatile [21, 1926]. 

The Effect of Test Conditions on Anti-knock Value 

The broad problem of determining the exact conditions 
under which to make measurements of knock is treated in 
Article 15. The present study is concerned only with the 
effect of variations in condition on the relative ratings of 
various anti-knock compounds. 

A complete study of this problem, including most of the 
known anti-knock compounds, and covering all the signi- 
ficant variations in operating conditions, is not available, 
and would perhaps be of little practical value. The informa- 
tion on hand covers primarily those fuels and anti-knock 
compounds which have been tested most exhaustively, 
namely, benzene, lead tetraethyl, and iron carbonyl. 

Fig. 2 illustrates the effect of a single variable, jacket 
water temperature, on the relative effectiveness of benzene 
and lead tetraethyl. Thus, with this particular engine and 
gasoline, a rise in jacket water temperature from 216 to 
350° F. changed the benzene equivalent of 5 c.c. PbEt 4 /U.S. 
gal. from 50 to 70%. The mapitude of this effect may 
change with the fuel used and with the type of engine. The 
effect is, however, general, and Recounts at least partly for 


the preference given to lead-treated fuels over benzene 
blends for high-output engines. 



2 0 4 0 SO 6.0 

CC TETRAETHYL LEaD/US GAL. 


Fig. 2. Lead tetraethyl-benzene equivalent in aviation gasoline. 

Fig. 3 illustrates the effect of a change in air-fuel ratio 
on the relative anti-knock effectiveness of lead tetraethyl 
and iron carbonyl. In both sets of data plotted here the 
relative effectiveness of the two compounds varies almost 
threefold over the range of 1 1 : 1 to 1 5 : 1 air-fuel ratio. The 
two curves, however, are not very different, showing that 
air-fuel ratio is the most significant variable. 



AIR -FUEL RATIO 


Fig. 3. Effect of mixture ratio upon the relative anti-knock 
effectiveness of iron carbonyl and lead tetraethyl. 

The response of a fuel to the addition of lead tetraethyl 
(usually referred to as lead susceptibility) varies greatly 
from one fuel to another and even for the same fuel when 
the test conditions are changed. The first point has been 
illustrated in the case of pure hydrocarbons by Lovell, 
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Campbell, and Boyd [20, 1935] and is discussed in Article 10. 
The same holds true in the case of commercial fuels, as 
illustrated by the data given in Table IV and taken from 
Hebl, Rendel, and Carton [13, 1932-3] (cf. Article 12). 
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exception perhaps of the very large effect of changes in 
air-fuel ratio on the anti-knock value of metal carbonyls, 
the figures given in Table I may be taken as reasonably 
correct. 


Table IV 

Effect of 1 c.c. PbEtJU.S, Gallon on Various Gasolines 


I 

i 

Gasoline ! 

Octane 

No Pb 

number 

I c.c. Pb 

Increase 
j in O.N. 

Stabilized natural 

69-4 

79-6 

10-2 

Cracked ..... 

700 

75-5 

5-5 

50-50 cracked — straight run (West 
Texas) 

62-5 

700 

7-5 

West Texas straight run 

54-2 

61-9 

7*7 

Mid-Continent „ „ 

42-5 

58-0 

15-5 


A fair amount of additional data is available in the 
literature [2, 1932; 13, 1932-3; 27, 1932]. 



cc TErRACTHYL LEAD /US C/^L. 

Fig. 4. Lead susceptibility of a commercial gasoline. 


Finally, Fig. 4 illustrates the effect of a change in engine 
conditions on the effectiveness of lead tetraethyl on a given 
gasoline. The only change involved is that from 600 r.p.m. 
and 212° F. jacket temperature to 900 r.p.m. and 362° F. 
This test is, of course, a plain comparison of the leaded 
fuels with heptane-octane mixtures, and does not indicate 
whether the lead is losing effectiveness or whether the 
heptane-octane blends are improving. At any rate, in rela- 
tion to heptane-octane, lead tetraethyl is more effective at 
900 r.p.m. and 362° than at 600 r.p.m. and 212°, and the 
curve is fairly typical of commercial gasolines. 

The illustrations given above cover the best-known cases 
where relative anti-knock values are affected by the fuel or 
by the engine conditions, and give a fair idea of the magni- 
tude of the effects involved. As mentioned before, these 
effects emphasize the necessity of keeping in mind that 
accurate figures of relative anti-knock values are significant 
only under a given set of conditions. However, with the 

IV 


Commercial Anti-knock Compounds 

The commercial value of anti-knock agents is a complex 
function of their effectiveness, their cost, and some of their 
other properties, such as stability, freedom from harmful 
effects on human beings or engines, &c. Accordingly, of 
all the compounds mentioned above, only the following 
have ever been seriously considered for commercial ase: 
(a) aniline (and the other aromatic amines), (d) iron car- 
bonyl, and (c) lead tetraethyl. These will be discussed 
separately. 

(fl) Aniline and Aromatic Amines. In concentrations 
ranging from 2 to 6% approximately these compounds 
have enough anti-knock effect to be of practical value. One 
of their drawbacks is their low solubility in some hydro- 
carbons, especially in the highly paraffinic types of straight- 
run gasolines, where on account of the low octane number 
the use of anti-knock compounds is of particular interest. 
No accurate figures can be given for the solubilities because 
they vary so greatly with the fuels. Aniline itself is one of 
the least soluble aromatic amines. At room temperature 
it will dissolve to the extent of about 2% in straight paraf- 
finic fuels, and up to 5% or more in some naphthenic or 
olefinic (cracked) fuels. Toluidine, xylidine, &c., arc more 
soluble, and some substituted aromatic amines are com- 
pletely miscible with most gasolines. A further obstacle to 
the use of aromatic amines is their objectionable odour, 
which is very noticeable wherever spillage of the gasoline 
occurs, as well as in the exhaust of the engine. 

Aniline is the cheapest anti-knock compound of the 
group, not only per unit weight, but also per unit of anti- 
knock effect. Its concentrated solutions are toxic, absorp- 
tion taking place by breathing as well as by skin contact. 
Its widespread use in motor fuels would accordingly neces- 
sitate strict observance of adequate safety measures. Ani- 
line could probably be used satisfactorily, but the cost 
would be considerably higher than that of lead tetraethyl. 

(/>) Iron Carbonyl. Several iron carbonyls arc known. 
The one which is used as an anti-knock compound is the 
pentacarbonyl, Fe(CO) 5 . It is prepared by interaction of 
CO and sponge iron around 200° C. under 100-200 atm. 
pressure [26, 1930]. It is a colourless liquid of 1*45 and 
boiling at 104° C. Like aniline, it is toxic, and strict pre- 
cautions must be observed in handling its concentrated 
preparations. Iron carbonyl was used commercially in 
Germany for several years. It was shipped as ‘Motyl’, 
which was a 50 : 50 mixture with kerosine. The treated 
gasoline contained 0-5% or less of Fe(CO) 5 , sold 

under the name ‘Motaline’. 

While its cost was low, one of its drawbacks was that 
the carbonyl decomposed rapidly when the gasoline was 
exposed to light. Difficulties were also encountered due to 
the short circuiting of sparking-plugs, caused by the deposi- 
tion of magnetic oxide, Fe 304 , on the porcelain insulator. 
Extensive engine tests in the U.S.A. showed that the pre- 
cipitation of iron oxides, particularly in the crankcase oil, 
lead to excessive engine wear. 

Lead Tetraethyl. Lead tetraethyl is the only anti-knock 
compound which is used extensively at present. It is manu- 
factured by the process invented by Kraus and Callis [18, 
1926], by interaction of a lead-sodium alloy with ethyl 
chloride. The alloy is prepared by melting lead and sodium 
Tt 
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together in the right proportions and casting. The alloy, 
which is very brittle, is crushed to pea size and treated in 
an autoclave with ethyl chloride. The lead tetraethyl is 
steam>distilled out of the reaction mass and is then ready 
for use without further treatment. 

Lead tetraethyl is a colourless liquid d = 1-65, boiling 
around 200° C. (with some decomposition) under 760 mm. 
pressure, and distilling undecomposed either with steam or 
under reduced pressure. For use as an anti-knock agent, 
it is mixed with a bromine compound, ethylene dibromide, 
sometimes with the addition of a chlorine compound, such 
as ethylene dichloride [22, 1926]. The purpose of this addi- 
tion is to limit the formation of lead oxide, which tends to 
accumulate in the combustion chamber, and to cause the 
conversion of the lead into lead bromide and chloride, 
which are removed from the engine. Enough gasoline- 
soluble dye is added to the mixture to impart a marked 
colour to the gasoline to which it is added. This mixture 
is sold under the trade name ‘Ethyl’ by the Ethyl Gasoline 
Corporation, under licences of the General Motors Cor- 
poration, the owners of the patents covering the use of 
lead tetraethyl as an anti-knock agent. In former years 
monochloronaphthalene was added in small amounts to 
the ethyl fluid, in order to promote lubrication of exhaust 
valve stems [23, 1928], but more recent tests have shown 
this to be superfluous and the monochloronaphthalene is 
no longer us^. 

The concentration of lead tetraethyl in ethyl fluid varies 
when the composition of the fluid is changed. Since the 
anti-knock value is due to the lead tetraethyl only, the con- 
centrations in the finished gasoline are always expressed in 
terms of lead tetraethyl and not of fluid. This is expressed 
as c.c. PbEt^/U.S. gal., c.c. PbEt4/lmp. gal., or as c.c. 
PbEt4/litre. 

Ethyl fluid is shipped in tank cars or in 55-gal. steel 
drums, and also, in special cases, in 1 -litre cans. It is mixed 
with gasoline at the refineries or bulk storage-points by 
means of special pumping installations embodying all the 
necessary safety appliances to preclude exposure of the 
workmen to the concentrated fluid. The concentration of 
lead tetraethyl in the finished gasoline is varied to suit the 
needs, but is not allowed in conmiercial gasolines to exceed 
3 0 c.c./U.S. gal. (3-6 c.c./Imp. gal. or 0-80 c.c./litre). Ex- 
tensive tests and field surveys covering a period of years 
have shown conclusively that at this low concentration the 
presence of lead in the gasoline does not constitute a health 
hazard to either gasoline handlers or the general public 
[9, 1930; 15, 1934; 19, 1926]. 

Analytical Methods 

The presence of anti-knock compounds in a fuel cannot 
be detected by engine rating unless the octane number of 
the fuel itself is known. In the case of metallic compounds 
inspection of the engine after operation will usually disclose 
the presence of deposits in which the particular metal used 
can readily be identified. The usual anti-knock compounds 
differ widely chemically from most fuels, and can, there- 
fore, be detected or determined quantitatively quite readily 
by chemical means. 

Aniline and Aromatic Amines. The fuel is shaken with 
dilute hydrochloric acid, and the acid layer is separated 
and made alkaline. The amine separates out, and can be 
isolated by ordinary laboratory methods, identified and 
determined quantitatively. When aniline itself is suspected 
or known to be present it can he determined quantitatively. 


after extraction from the gasoline, by titration with bro- 
mine (preferably in the form of bromide-bromate solution) 
[10, 1926] according to the equation 

QHjNHj+fiBr - CaHaBr3NH2+3HBr, 

and it can be further identified by the analysis and melting- 
point (119° C.) of the insoluble 2, 4, 6-tribromoaniline. 

Metal Compounds. When exposed to strong light, gaso- 
lines containing metal carbonyls or organo-metallic com- 
pounds give a precipitate in which the metal can be 
identified by the classical methods [17, 1932]. The reaction 
is particularly rapid and sensitive in the case of carbonyls. 
These compounds can also be precipitated by treating the 
gasoline with chlorine, bromine, acid chlorides, &c. 

Abom and Brown [1, 1929] have shown that when lead 
is known to be the only heavy metal present in a sample 
of gasoline, it may be determined quantitatively by com- 
paring the X-ray absorption of the gasoline with that of a 
known standard. This method has not yet been developed 
to the point where it can be used readily for routine 
analysis. 

Volatile metal compounds can be differentiated from 
soluble but non-volatile compounds by distilling the gaso- 
line (preferably under reduced pressure to minimize de- 
composition of the metal compound), and analysing for 
the metal in the distillate. 

Specific methods for the quantitative determination of 
iron carbonyl and lead tetraethyl in gasoline are given 
below. 

Determination of Iron Carbonyl in Gasoline. The method 
is based on the conversion of the carbonyl into ferric 
hydroxide by means of HgOj and NH3. 

25 c.c. of the gasoline is pipetted into 200 c.c. of de- 
natured alcohol contained in a 400-c.c. beaker. Con- 
centrated aqueous ammonia and 3 c.c. of 30% hydrogen 
peroxide are added under constant stirring. The flocculent 
brown precipitate is allowed to settle and is filtered on 
paper moistened with alcohol. After washing with alcohol 
followed by hot water, the iron is determined quantitatively 
by any classical method. 

Determination of Lead Tetraethyl in Gasoline [7, 1929]. 
The method is based on the conversion of the lead into 
lead bromide, and subsequent determination either gravi- 
metrically as lead chromate, or volumetrically by titration 
with ammonium molybdate. 

{a) Gravimetric. Measure with a pipette 100 c.c. of gaso- 
line containing lead tetraethyl in a 4(X)-c.c. beaker. Add 
slowly a solution of 30% bromine in carbon tetrachloride, 
until the permanent brown-red colour of bromine is ob- 
tained. Filter promptly through asbestos in a dry Gooch 
crucible (or through a fritted Jena glass filter crucible of 
no. 2 porosity) and wash with petroleum ether. Put the 
crucible back in the beaker where the precipitation was 
made and add about 3 c.c. of nitric acid (sp. gr. 1 *40) in 
the crucible. Add a warm solution of 10% nitric acid in 
quantity just sufficient to cover the top of the crucible, 
bring to boiling, remove the crucible, and boil down to 
about 3 c.c. Dilute and filter the solution through soft 
filter-paper (if a Gooch crucible was used), rinsing the 
beaker and crucible with warm water. Just neutralize the 
filtrate with ammonium hydroxide and add 5 c.c. of 50% 
acetic acid. Now add slowly and with constant stirring 
40 c.c. of a 5% solution of potassium dichromate. Stir 
for 5 minutes while the solution is boiling, then remove 
from the hot plate and keep in a warm place for 1 hour. 
Collect the precipitate on a weighed and ignited Gooch 
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crucible and wash well with hot water. Dry in a crucible 
air-bath, or in an oven at 105® C., and weigh as lead 
chromate. 

(b) Volumetric. Prepare the ammonium acetate solution 
as in method (o), boil down to 150 c.c., and titrate hot 
with a standard molybdate solution until a yellow colora- 
tion is obtained with tannic acid used as outside indicator. 
The molybdate solution is standardized against a known 
weight of lead or lead chloride. The indicator used is a 
0-5 % freshly prepared solution of tannic acid. Care must 
be taken always to use the same amount of indicator 
(2 drops) and solution (4 drops). A blank is run on the 
same amount of water and ammonium acetate, and the 
amount of molybdate solution used to give a distinct 
coloration (about 0*3 c.c.) is subtracted from the result of 
the titration. 

Note 1. Gasolines containing a high percentage of un- 
saturated compounds absorb bromine vigorously with 


evolution of heat. In such cases it is highly advisable to 
dilute the sample with about 100 c.c. of a volatile petroleum 
fraction fairly free from unsaturated compounds, to add 
the bromine slowly, and to keep the beaker in ice. When 
this precaution is not taken, the results are apt to be low. 
Suitable diluents are, for instance, fighting-grade aviation 
gasoline, petroleum ether, and ligroin. 

Note 2. The molybdate solution may be made to contain 
2-380 g. of commercial C.P. salt per 1,000 c.c., in which 
case 1 c.c. of this solution used on an original 100 c.c. 
sample of gasoline corresponds to 01 c.c. of lead tetraethyl 
(sp. gr. 1-65) per U.S. gallon of gasoline. 

Note 3. In some cases the lead nitrate which begins to 
precipitate when the solution is concentrated to 3 c.c. 
volume is contaminated by a small amount of organic 
matter. It is then advisable to evaporate to dryness and 
to treat with fuming nitric acid, repeating the operation 
until a clean white residue of lead nitrate is obtained. 
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12. LEAD SUSCEPTIBILITY OF GASOLINE 

By F. H. GARNER, Ph.D., F.I.C, M.I.A.E,, M.Inst.P.T. 

Anglo-American Oil Company Ltd, 


The rise in octane number of gasolines produced by the 
addition of a fixed proportion of lead in the form of tetra- 
ethyl lead varies with the type of gasoline, and the term 
‘lead susceptibility’ has been proposed to describe this 
property. In a paper published in [10] 1929 it was shown 
that the effect of lead on gasolines varies with spirits from 
different sources: the addition of 1 c.c. of lead per gallon 
raised the compression ratio of one gasoline by 104, 
whereas with another gasoline of the same H.U.C.R. (a 
benzole blend), the addition of 1 c.c. of lead raised the 
compression ratio by only 0-7. 

Hebl and Rendel [7, 1932] determined the lead suscepti- 
bility of a wide range of gasolines using the Ricardo E. 35 
engine and recording the results in H.U.C.R. These 
authors suggested the relationship / = SNK to express 
the improvement in H.U.C.R. as an exponential function 
of the concentration of lead tetraethyl, where 

I is the increase in H.U.C.R., 

5* is a measure of the steepness of the curve, i.c. lead 
susceptibility, 

N is the number of millilitres of lead tetraethyl added 
to 1 gallon (U.S.) of gasoline, 

AT is a constant which represents the curvature of the line. 

K for a series of some 60~70 gasolines did not vary 
appreciably from the figure of 0-75. They proposed the 
relationship 

0^5 N 

as a measure of the lead susceptibility of the gasolines, and 
thus from the H.U.C.R. of the gasoline and a mixture 
of the gasoline with one concentration of lead tetraethyl 
the lead susceptibility (5) of the gasoline is known. For 
different gasolines S ranged from 0*22 for Roumanian 
gasoline to 0-54 for Californian gasoline. They found that 
the lighter gasolines were exceptional in that they had 
a high H.U.C.R. and also a high lead susceptibility. 
Cracked gasolines in general had a low lead susceptibility. 

In a further paper by Hebl, Rendel, and Carton the 
effect of lead tetraethyl on octane number (C.F.R. Re- 
search Method) was investigated [8, 1933]. The following 
five factors are stated to determine the octane number of 
any ethylized gasoline: 

(1) The effectiveness of iso-octane in different concen- 
trations in raising the anti-knock value of iso- 
octane/heptane mixtures; 

(2) The effectiveness of lead tetraethyl on the gasoline 
in different concentrations; 

(3) The octane number of the base gasoline; 

(4) The lead susceptibility of the gasoline; 

(5) The number of cubic centimetres of lead tetraethyl 
added per gallon of gasoline. 

In this work they found certain gasolines (West Texas 
straight-run) which, when heavily treated with acid, showed 
no lead susceptibility for the first few cubic centimetres 
of lead tetraethyl added. In one case the addition of 4 J c.c. 


of lead tetraethyl produced no rise in octane number, but 
after this point further additions of lead produced a normal 
rise in octane number. In the following chart, taken from 
their paper, is plotted the octane number against lead addi- 
tions (per U.S. gallon) ; the scales are chosen so that straight 
lines are obtained. Natural gasoline (No. 1) shows a much 



Cubic Centimetres of Lead Tetraethyl 
per Gallon 

Ethyl blending chart. (Data obtained on several gasolines using 
C.F.R. engine at 212° F. (i00° C.) jacket temperature and 600 r.p.m.) 

1. Stabilized natural gasoline. 2. Cracked gasoline. 3. 50% 
cracked + 50% West Texas straight-run gasoline. 4. West Texas 
straight-run gasoline. 5. Mid-Continent straight-run gasoline. 

more marked lead susceptibility than cracked gasoline 
(No. 2). It will be noted that in nearly all cases the experi- 
mental data can be represented by a straight line. These 
authors point out that the lead susceptibility of a gasoline is 
determined not only by the hydrocarbons present, but may 
be markedly affected by small amounts of impurities either 
found in the gasoline or formed during treatment. 

R. C. Alden [1, 1932] gave figures for octane number of 
gasolines with no lead content and also after the addition 
of 2 c.c. of lead tetraethyl. These confirm the high lead 
susceptibility of natural gasolines. 

E. Endo [4, 1934] determined the lead susceptibility of 
12 gasolines, using the Armstrong engine. It was found 
that the addition of methyl mercaptan had no effect on 
the lead susceptibility although other sulphur compounds 
diminished anti-knock value. Cracked gasolines gave an 
improved lead susceptibility. The presence of organic 
sulphur compounds has a marked effect in lowering the 
lead susceptibility of gasolines [9, 1935]. Organic di- 
sulphides, with the exception of carbon disulphide, were 
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found to produce the greatest reduction in lead suscepti- 
bility, sulphides less, and cyclics the least effect on lead 
response. In general, reduction of sulphur content of 
gasolines effected substantial improvement in lead response, 
and an instance is quoted of a cracked gasoline in which 
the reduction of sulphur from 0 086% to 0 072% resulted 
in a saving at 70 octane number of 0-65 c.c. of lead per 
gallon. 

Lead Susceptibility of Hydrocarbons 

The effect of lead tetraethyl in a concentration of 1 c.c. 
per imperial gallon is recorded by Gamer, Wilkinson, and 
Nash [6, 1932] in increasing the octane number of 20% 
solutions of five olefines, ranging from pentene to noncne 
in a base fuel. Similar data were recorded by Gamer and 
Evans [5, 1932] on 21 hydrocarbons, including aromatics, 
cyclohexane, and cyclopentane in 20% solution. A few 
results reported at higher jacket temperature, namely, 
300° F., as against 212° F., showed that lead was more 
effective at the higher temperature. 

More recently, Boyd and co-workers [3, 1935] have 
made quantitative measurements of the specific anti-knock 
effect of lead tetraethyl on 62 individual hydrocarbons as 
measured by the addition of lead tetraethyl in a concentra- 
tion of 1 c.c. per U.S. gallon. The table below summarizes 
their work: 




1 

Increase in critical 



j 

compression ratio 



j Critical 

for addition of 1 c.c. 



! compression 

of lead tetraethyl 

Compound 


1 ratio 

per gallon 

Paraffin 

Hydrocarbons 


«-Pcntane . 


3-8 

0-50 

2-Methylbutanc . 


5*7 

0-95 

/i-Hexane 


3-3 

0-20 

n-Heptane . 


2-8 

0-20 

3-Ethylpentane 


. : 3-9 

0-20 

2,4-Dimcthylpcntanc 


. ! 50 

0-80 

2,2,4-Trimcthylpcntanc . 


. , 7-7 

210 

2,7-Dinicthyloctano 


3-3 

0-20 

3,4-Dicthylhexanc 


3-9 

0-30 

Olefine Hydrocarbons 


l-Pcntcnc 


. ! 5-8 

0-30 

2-Pentene 


70 

0-50 

2-Mcthyl-2-bulcnc 


. ' 7-0 

0-70 

Dimethylbutadicne 


8-6 

0*10 

2.4-Hexadicno 


6-6 

0*10 

l,S-Hexadicne 


. i 4-8 

0*25 

1-Hcptync . 


. i 4-9 

0-33 

3-Hcptyno . 


3-4 

010 

1-Heptene . 


. ' 3-7 

0*25 

3-Heptene . 


4-9 

0-80 

3-Ethyl-2-pentene 


6-6 

0-50 

2,4-Dimethyl-2-pcntenc 


8-8 

0-70 

2-McthyI-5-hcxcno 


. ; 4*7 

0-25 

3-Mcthyl-5-hcxcnc 


50 

0-20 

2-Octyne 


40 

010 

1-Octene 


. , 3-4 

015 

2,2,4-Trimcthyl-3-pcntene 


. I 100 

0-35 

2,2,4-Trimcthyl-4-pcntcnc 


. i 11-3 

0-25 

Naphthene Hydrocarbons 


Cyclopentano 


10-8 

2-70 

Cyclohexane 


. i 4-5 

1 065 

Methylcyclohexane 


4-6 

0-30 

Cyclohexylacetylene 


4-6 

0-21 

1 ,2-Dimcthylcyclohexane 



0*35 

1,3-DimethyIcycIohexane 


. I 4*4 

j 0-21 

1 ,2-Methylethylcyclohexanc 


. 1 4-3 

j 0*16 

1 , 3-Methylethy Icyclohexane 


. 1 3-8 

012 

1 ,4-Methylethy Icyclohexane 


. : 3-7 

013 

1 ,2-Methyl-/i-propylcyclohexane 

3-6 

013 

1,3-Methyl-n-propy Icyclohexane 

. j 3.4 

012 

1 ,4-Methyl-/i-propy Icyclohexane 

. 1 3-3 

012 

1 ,4-Methylisopropylcyclohexane 

. ! 40 

; 0-26 




Increase in critical 



compression ratio 


Critical 

for addition of I c.c. 


compression 

of lead tetraethyl 

Compound 

ratio 

per gallon 


Naphthene Hydrocarbons (cont) 


1 ,2-Methyl-n-butylcyclohcxanc 

3-4 

010 

1 ,3-Mcthyl-/i-butylcyclohcxanc 

3*3 

010 

1 ,4-Methyl-/j-butylcyclohcxane 

3-2 

010 

1 ,2-Mcthyl-n-amy Icyclohexane 

3-2 

010 

Decahydronaphthalene . 

36 

013 

Aromatic Hydrocarbons 


Phcnylacetylene . . | 

12-4 

-0*80 

Ethylbenzene 

10-5 

200 

Benzylacetylene . 

7-4 

012 

Methylphenylacetylcnc . 

11-8 

-0-30 

1 ,4-McthylisopropyIbenzcne . . ! 

111 

1 00 

1-Phenylbutadiene 

9*5 

000 

tcrt-Amylbenzenc 

121 

200 

Trimcthylphcnylallene . 

8-3 i 

-0*20 

Unsaturated Cyclic Hydrocarbons 

Cyclopentadiene .... 

10-9 

-0-90 

Dimethylfulvene .... 

9-2 

- 01 3 

Indcnc ..... 

11-2 

-010 

Dicyclopcntadicnc 

110 

-0*30 

Cyclopentene .... 

7-9 

0-20 

1 ,3-Cyclohexadicnc 

5-9 

-002 

Cyclohexcne .... 

4-8 

0-20 

Dipentene ..... 

5-9 

0*25 


It was shown that lead tetraethyl exhibited a very wide 
range of effectiveness depending on the structure and 
properties of the hydrocarbon. Whereas gasolines show 
a range on this seale of from 01 to 0*3, the hydrocarbons 
investigated range from —O-S to 0-9 for cyclopentadiene 
to +2*7 for cyclopentane. It will be noted that certain 
of the unsaturated cyclic and aromatic hydrocarbons have 
negative lead susceptibilities, that is, the addition of lead 
caused a decrease in the compression ratio for incipient 
knock. The relationship between critical compression ratio 
and lead susceptibility is of special interest; (a) for paraf- 
fins and naphthenes, the higher the critical compression 
ratio the greater the lead susceptibility; (b) for olefines 
and acetylenes, increase in compression ratio produces 
no marked change in lead susceptibility; and (c) for 
unsaturated cyclics, increase in compression ratio produces 
a decline in lead susceptibility. A few aromatic hydro- 
carbons which were investigated were found to show 
relatively high lead susceptibilities. 

The Effect of Sulphur Content on Lead Response 

Birch and Stansfield [2, 1936] have investigated the 
effect of sulphur compounds on lead susceptibility in a 
series of blends containing 01 % sulphur, and they found 
that the effect on lead susceptibility increased as follows: 
carbon bisulphide, thiophen, sulphides, mercaptans, di- 
sulphides, and trisulphides. Certain sulphur compounds 
are themselves definitely pro-knock, particularly ethyl tri- 
sulphide and the mercaptans, whilst others, as, for example, 
the sulphides, have no measurable effect. Blends of hep- 
tane with olefines and diolefines showed a poor lead 
susceptibility when 01% of sulphur and ethylene disul- 
phide were added. It is considered that these results throw 
some light on the poor lead susceptibility shown by certain 
gasolines containing cracked distillates. Exp)eriments on 
straight-run Iranian and Venezuelan gasoline indicate that 
a considerable saving in lead tetraethyl might be effected 
by thorough desulphurization. 
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13. OXIDANTS AND ANTI-OXIDANTS IN THE PETROLEUM 

INDUSTRY 

By E. W. J. MARDLES, D.Sc., F.LC 

Air Ministry Laboratory {Royal Aircraft Establishment) 


Oxidants and anti-oxidants within the past few years have 
reached a position of considerable importance in the 
petroleum industry because it has been found possible by 
their powerful help, not only to produce better engine fuels 
and to stabilize lubricating oils, transformer oils, cracked 
spirits, &c., against deterioration by oxidation, but also to 
obtain valuable chemical products from petroleum as a 
raw material. 

The economies effected by the use of anti-oxidants in 
gasoline in the United States already total at least fi’ e mil- 
lion dollars a year and they will be still greater when the 
advantages of this method of finishing gasoline are fully 
realized [58, 1934]; Hoffert and Claxton [79, 1934] in 
summarizing the advantages of using anti-oxidants in 
motor fuels, state that an increased yield of refined 
spirit varying from 3% to 30% is obtainable, there being 
also a considerable reduction in refining costs. An interest- 
ing example of the value of an anti-oxidant is mentioned by 
Ward, Jordan, and Fulweiler [145, 1933], who state that 
1 50,000 gas stoppages were reported in one city alone in a 
single year due to the deposition of gum in the gas-meters; 
the trouble, which was found to be due to oxidation and 
polymerization of some of the constituent hydrocarbons of 
the gas, was minimized by the removal of sulphur compounds 
which acted as oxidants and by the use of an anti-oxidant, 
namely, a cresol solution of hydroquinone. Another well- 
known instance of the value of an anti-oxidant is the use of 
about 3 c.c. of lead tetraethyl per gallon of gasoline to raise 
the knock-rating; these ‘leaded’ fuels are of especial use 
for aeronautical high-compression boosted engines, which 
are liable to damage and failure if the ordinary petrols are 
employed. 

As the names imply, oxidants are substances which 
promote oxidation and combustion, whilst, on the other 
hand, anti-oxidants inhibit or retard oxidation changes. 
With their use it has been found possible to control the 
oxidation and combustion of petroleum hydrocarbons, 
both by altering the rate of reaction and by lowering or 
raising the temperature of self-ignition and of incipient 
oxidation; thus, although methane is exceptionally 
resistant to oxidation by atmospheric oxygen at normal 
pressure, temperatures ranging from 700° to 1,000° C. 
being given in the literature as necessary for the reaction 
to occur when there is little opportunity for surface reaction 
to come into play, yet when a little ozone is added to the 
air or a catalytic surface introduced into the reaction 
chamber, the oxidation of methane into formaldehyde, 
methyl alcohol, &c., can proceed at as low a temperature 
as 250° C. 

Positive and Negative Effects. Ozone is a well-known 
oxidant; it promotes violent knocking in the petrol engine 
to a like extent that lead tetraethyl, the familiar fuel anti- 
knock, known to be a powerful anti-oxidant in petrol 
vapour-air mixtures, delays it [25, 1933]. Usually, oxi- 
dants and anti-oxidants have decidedly opposite effects on 
the behaviour of a particular system; thus, for example, 
very small amounts of iron carbonyl, selenium diethyl, lead 


tetraethyl, and other anti-knock substances most often 
raise the self-ignition temperature of an explosive mixture, 
whilst iso amyl nitrite, nitrogen peroxide, &c., which pro- 
mote knocking, can, when present in small amounts, lower 
the self-ignition temperature. In Table I are given a selec- 
tion of data illustrating this behaviour. 

Table I 

(a) Effect of organo-metallic compounds ^ 

&c. (0‘1% wt.) on the self-ignition 
temperature of gasoline [53] 

Selenium diethyl 140® C. rise 
Iron carbonyl 130® C. „ 

Lead tetraethyl 90® C. „ 

Nickel carbonyl 40® C. „ 

Bismuth triphenyl 42® C. „ 


(c) Effect of anti-knock substances on the self-ignition temperature of 
gasoline [146] 


Substance 

Lead tetraethyl 

Iron carbonyl . 

Aniline . 

Tin tetraethyl . 

Amount 
(g. per litre) 

0-5 

10 

2-9 

50 

100 

20 

40 

Effect 

105® C. rise 

130® C. „ 

170® C. 

65® C. „ 

80® C. „ 

75® C. 

110®C. 

(d) Effect of pro-knock substances on self-ignition of gasolinCt Ac. 

Substance 

Amount 

Effect 

Silicon tetraethyl 

4 g. per litre 

10® C. fall (Weer- 
man) [146] 

Nitrogen peroxide 

2-5% vol. in m. 
xylene 

205® C. fall 


2-5%vol. inn. butyl 
alcohol 

235® C. 


5% vol. in n. butyl 
alcohol 

355® C. „ 

Benzoyl peroxide 

2% in m. xylene 

13® C. „ 

Iso amyl nitrite 

2% in m. xylene 

68" C. „ 

>» »» 

5% in m. xylene 

100® C. 


10% in m. xylene 

128” C. (Mardles) 
(93] 

Acetylene tetra- 

10% 

140® C. fall (Egerton 

bromide 


and Gates) [53] 


This positive and negative effect is again seen in experi- 
ments on flame speed; Nagai [108, 1930], found during an 
investigation on the effect of anti-knock materials on the 
speed of flame in a closed tube that 0- 1 % of tin tetramethyl, 
selenium diethyl, and other organic metallic compounds, 
markedly decreased the mean flame speeds; a similar be- 
haviour with lead tetraethyl was observed by Souders and 
Brown [129, 1929], whilst, on the other hand, Prettre, 
Dumanois, and Laffitte [117, 1930] found that the pro- 
knock substance amyl nitrite accelerated the flame speed. 
Yoshikawa [152, 1931], who studied the homogenous 
oxidation of methane under high pressure, states that 
nitrogen peroxide (oxidant) greatly promoted the oxidation 
rate whilst lead tetraethyl (anti-oxidant) retarded it, there 
being little change in the composition of the condensed 


(b) Effect of iron car- 
bonyl on self-ignition 
of gasoline [10] 

0-2% 31® C. rise 
0-5% 57® C. „ 

0*7% 63® C. „ 

10 0% 59® C. 
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products. Schaad and Boord [123, 1929] found that lead 
tctramcthyl, selenium diethyl, and other anti-knocks sup- 
pressed the slow combustion of toluene and kerosine, 
whilst propyl nitrite and other pro-knocks accelerated it; 
Layng and Youker [86, 1928] found a similar behaviour 
with lead tetraethyl and butyl nitrite on the slow combus- 
tion of heptane (cf. Article 1). 

Sensitivity to Change of Conditions. It is necessary to 
point out in this connexion that the precise measurement 
of the effectiveness of anti-knocks can only be determined 
by engine experiments and not by any measurement of the 
change in self-ignition temperature or flame speed produced 
by an added substance; that is to say, any anti-oxidant 
must be tried out under the same or similar conditions in 
which it is to be employed. It is interesting to note that 
some investigators [100, 1929; 111, 1924; 69, 1929] report 
that lead tetraethyl can lower self-ignition temperatures and 
amyl nitrite raise them; whilst Egerton [50, 1928] and others 
found sometimes no change in flame speed (cf. Article 1). 
Townend and Mandlckar [141 , 1933] report that the influence 
of lead tetraethyl on the self-ignition temperature of a 5% 
butane-air mixture is remarkably affected by pressure; 
thus, the increase caused by 0 05 % lead tetraethyl was 49"" 
at li atmospheres, IbO"* at IJ atmospheres, and 47"" at 
2 atmospheres. These results illustrate the extreme 
sensitivity of oxidants and anti-oxidants to change of 
condition. It is possible that their principal effect is masked 
by a secondary or subsidiary effect; this will be discussed 
later. 

Oxidants and Anti-oxidants compared with Catalysts. 

Moureu and colleagues [106, 1928], from their extensive 
researches on oxidants and anti-oxidants, formed the 
opinion that one substance cannot be spoken of as an anti- 
oxidant and another as an oxidant, since whether they are 
positive or negative is dependent on the conditions of the 
experiment and not on the nature of the substance. They 
consider that the phenomenon of anti-oxidant activity is 
very general in character and contrary to the conclusion 
that might be drawn from a small number of isolated and 
apparently unconnected examples, anti-oxidant activity is 
widely distributed. In actual practice, it is exceptional to find 
an oxidizablc system free from anti-oxidant impurities. 

Anti-oxidants do not inhibit oxidation changes com- 
pletely or delay self-ignition indefinitely; they can reduce 
the rate of reaction temporarily to an enormous extent, but 
when once they become used up, the reaction proceeds on 
its normal course. Similarly oxidants exert a definite in- 
crease in the rate of reaction dependent upon their con- 
centration, but the effect ceases on their exhaustion. In this 
respect, they differ from the usual catalysts which remain 
unchanged after the reaction is completed. Oxidants and 
anti-oxidants are usually used up either by chemical reac- 
tion or combination during the time they function; thus, 
nitrogen peroxide or ozone used for stimulating the oxida- 
tion of petroleum hydrocarbons by atmospheric oxygen, in 
the effort to obtain useful oxidation products, lose oxygen 
and are reduced. Similarly organic peroxides, which are 
strong oxidants, become reduced to a lower oxide. Benzene 
vapour, which inhibits the vapour-phase oxidation of 
hexane, becomes autoxidized to phenol; ortho- and para- 
cresols used for inhibiting the gumming of coal carboniza- 
tion spirits appear to form quinones. The organo-metallic 
compounds which act as anti-knocks decompose thermally 
before they function, the decomposition products being the 
actual anti-oxidants. 


Mutual destruction of Oxidants and Anti-oxidants. 

Oxidants and anti-oxidants offset their respective effects 
by reacting with each other; Egerton and Ubbelohde [55, 
1934] have shown this to be the case with diethyl peroxide 
and lead tetraethyl in engine fuel, also Yamada [150, 1933] 
and Haslam and Frolich [73, 1927] have found a similar 
behaviour with anti-oxidants added to mineral oils con- 
taining organic peroxides. They also found that the anti- 
oxidants in oil were poisoned by copper. Anti-oxidants in 
cracked spirits arc destroyed by organic peroxides [103, 
1934]. The effectiveness of an anti-oxidant can also be 
reduced by the presence of relatively small quantities of 
impurities such as sulphur, chlorine, mineral acids, &c.; 
some fuels after acid wash appear to be poor in response 
to lead tetraethyl [76, 1933]. 

Concentration and Effect. From the effect of substances 
in increasing amounts on the self-ignition temperature 
given in Table I, and from Fig. 1, showing the influence of 
concentration on activity, it will be seen that with increasing 
concentration the effect of oxidants and anti-oxidants falls 
away, slowly at first and then rapidly, whilst in extreme 
cases the anti-oxidant becomes an oxidant. This pheno- 
menon is especially found with lead tetraethyl in fuels; 
F. R. Banks states [7, 1934], for instance, that the first c.c, 
of lead tetraethyl added to a gallon of a particular gasoline 
may raise the anti-knock value of the gasoline by 10 octane 
numbers, the second c.c. may only give a further increase of 
5 numbers, and the third an increase of 2 or 3, and so on, 
until no further increase is shown by additional amounts. 

A similar behaviour of anti-oxidants has been observed 
with their use in cracked spirits, there often being an opti- 
mum amount for the anti-oxidant. 

One of the recent problems arising from the modern use 
of cracked gasoline, coal carbonization spirit, shale spirit, 
and other fuel spirits which contain hydrocarbons of the 
olefinic or unsaturated classes, is the prevention of their 
deterioration by oxidation during storage, there being a fall 
in knock rating and an accumulation of gum in the fuel 
with time. Adventitious impurities in the fuel, such as iron 
rust or traces of mineral acids, promote oxidation, but, on 
the other hand, if one part in a hundred thousand of para- 
amino-phenol or hydroquinone be added, the normal 
storage life is often prolonged several fold. 

Inversion of Anti-oxidants. The complexity of the pro- 
blem can be judged from the fact that often an anti-oxidant 
becomes an oxidant and vice versa with change of circum- 
stance. Mardles [94, 1931] has shown that iron carbonyl 
and lead tetraethyl, which are anti-oxidants in the case of 
petrol-air mixtures, can act as oxidants with methane, 
ethane, ethylene, and hydrogen in air (see Fig. 2). Naylor 
and Wheeler [109, 1933] found that the reactions occurring 
below the ignition temperature in mixtures of methane and 
air were retarded by traces of iodine, ethyl iodide, or ethyl 
bromide, whereas with ethane the corresponding reactions 
are accelerated by these substances. Similarly, nitrogen 
peroxide and iron carbonyl can inhibit the oxidation of 
amylene, pentane, or octane in the vapour phase. Mardles 
[94, 1931] and Lewis [90, 1930] found that 0*1% nitrogen 
peroxide increased the time lag preceding self-ignition from 
3*6 to 16 sec,, but that nitrogen peroxide promoted the 
oxidation of methane, paraffin wax, and other petroleum 
products and can act as a pro-knock in engine fuels; in 
liquid-phase oxidations iron carbonyl can often accelerate 
[96, 1929; 57, 1932]. Frequently there, is an interchange 
of roles when the temperature is raised or when a certain 
stage has been reached during the course of a reaction. 
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OXIDANTS AND ANTI-OXIDANTS 

In spite of the complexity and the apparent anomalies, 
definite conclusions have been reached with regard to 
the general mechanism of action of oxidants and anti- 
oxidants, more especially from the standpoint of molecular 
kinetics and chemistry of autoxidation. There still remains 
much to be done in order to unravel the complex sequence 
of chemical changes and to reconcile the conclusions of 
various investigators in the field of the organic chemistry of 
the oxidation and combustion changes. 

Induction period in Oxidation and Combustion. 

Several characteristic features of oxidation and com- 
bustion are now being intensively studied, and one of these 
subjects which has attracted great attention and is of special 
significance regarding oxidants and anti-oxidants is the so- 
called induction period. During this period apparently 
little occurs, but nevertheless the changes which do occur 
are important, since without them the main reaction cannot 
proceed. 

Tizard and Pye [140, 1922] have shown that after adia- 
batic compression of an explosive mixture there is a definite 
period of induction before self-ignition occurs. 

Similarly, Bone, Fraser, and Witt [17, 1924] have de- 
monstrated that with mixtures of methane and oxygen after 
an electric spark has passed, there is a definite lag before 
combustion occurs. In the Diesel engine the lag period is 
manifested on the indicator diagram by a delay angle [88, 
1931]: this delay can be reduced by the addition of a small 
percentage of an oxidant such as ethyl nitrate, amyl nitrite, 
acetaldehyde, and other substances of low self-ignition 
temperature. 

Francis [64, 1922] has reported induction periods up to 
one month in the liquid-phase oxidation of paraffin wax at 
100° with oxygen, there being apparently no change as 
indicated by iodine value determinations; when oxidation 
began, it did so with simultaneous formation of water, 
carbon dioxide, formic acid, &c. He found that moisture 
or the addition of a little turpentine decreased the induction 
period considerably. 

A technical use of the measurement of the induction 
time has been made by the fuel-refiner for the purpose of 
appraising cracked spirits from the standpoint of storage 
properties. A sample of the fuel is placed in a bomb and 
is submitted to the action of compressed oxygen at 100° C.; 
the absorption of oxygen apparently does not occur at 
once, but there is a period of many minutes, the so-called 
induction period, during which the pressure remains con- 
stant. The stage of rapid oxidation of the fuel is accom- 
panied by a correspondingly rapid fall in pressure. This is 
seen in Fig. 6a, The length of the induction period has 
been regarded by the users of the method as being roughly 
proportional to the stability of the fuel against oxidation. 
The effect on storage properties of the addition of an anti- 
oxidant to the fuel is judged by the increase in the induction 
period; thus, for example, Egloff and colleagues [59, 1932] 
found that a small addition of thiodiphenylamine increased 
the induction period from 45 minutes to 1,440 minutes, 
indicating a possible increase in the storage life of thirty- 
fold. Rogers, Bussies, and Ward [119, 1933], who studied 
the anti-oxidant effect of phenylaminophenol and alpha- 
naphthol on the oxidizability of cracked spirit, state that 
the effect was to increase the induction period in proportion 
to the amount used. 

Bone and Hill [18, 1930], studying the oxidation of 
ethane in oxygen at 316° in a closed silica bulb, found 


IN THE PETROLEUM INDUSTRY 

an induction period, in this case about 30 minutes, during, 
which no perceptible oxidation occurred. They found that 
the induction period was shortened considerably by intro- 
ducing into the gas mixture some foreign vapour such, 
for example, as moisture, iodine, nitrogen peroxide, ethyl 
alcohol, or formaldehyde. 

Effect of Oxidants and Anti -oxidants on Induction Period. 
In general, oxidants decrease the induction period whilst 
anti-oxidants increase it, sometimes to a considerable ex- 
tent; this is shown in Figs. 3 and 4. Chebotar [41, 1934], 
who studied the oxidizability of lubricating oils, &c., in 
oxygen under pressure at 150°, found that beta-naphthyl- 
amine prolonged the induction period with the oil Nujol by 
15 times and decreased the amount of oxidation by 60 
times. Haslam and Frolich [73, 1927] found with 0*05% 
diphcnylamine in a mineral oil that the induction time was 
increased from 2 to 10 hours (Fig. 4). 

Similarly, Egloff and colleagues report that with 0 00005 
mole inhibitor in 100 g. gasoline, whereas the induction 
period for the plain fuel was 45 minutes, pyrogallol in- 
creased it to 1,440 minutes, para-aminophenol to 1,470 
minutes, alpha-naphthol to 1,920 minutes; benzoyl per- 
oxide decreased the time to 35 minutes. They also found 
that the organic peroxides (well-known oxidants) formed 
in a cracked spirit by aeration, caused a marked decrease 
in the induction time, but when these were removed by 
passing through fuller’s earth, the deleterious effects were 
eliminated. 

Formation of Oxidants during Hydrocarbon Oxidation, 
Autocatalysis. Brunner and Rideal [27, 1928; 26, 1930] 
have studied the induction period during the vapour-phase 
oxidation of normal hexane. They discovered that impor- 
tant oxidation changes were occurring in the gas mixture, 
although these were not recorded by any large pressure 
difference. From analyses made of the gas mixture during 
the induction period, it seemed probable that a number of 
chemical reactions involving the formation of compounds 
containing active oxygen, such as organic peroxides, were 
taking place. When aniline vapour (0*3%) was present, 
the induction period was doubled and there was no evi- 
dence of the presence of peroxides until the aniline had 
been exhausted, when the normal reaction continued (Figs. 
3 and 5). 

The significance of the appearance of peroxides in hydro- 
carbon oxidation and combustion has also been discussed 
by Callendar [32, 1927] and others with regard to engine 
knock, by Brooks [22, 1926] with regard to the oxidation 
of mineral oils, and by Moureu and colleagues with regard 
to anti-oxidant actions in general. 

It would appear from this that the oxidation reactions 
in a hydrocarbon-oxygen system can occur with vigour 
only when certain reacting molecules are formed, that is to 
say, when the system produces its own oxidant or catalyst. 
Time is required for these oxidation products to accumulate 
and make their influence felt; if any addition is made to 
the system whereby the quantity of the oxidant is reduced 
or increased, there should be a corresponding reduction or 
increase, as the case may be, in the time of the induction 
period. 

There are, however, known cases in combustion chem- 
istry of the reverse to the above autocatalytic reactions, 
when the products of oxidation act as inhibitors; this is the 
case with carbon disulphide [45, 1925; 94, 1931], and 
hydrogen [116, 1933]. 

Confirmation of the hypothesis that the oxidation pro- 
ducts of the hydrocarbons often act as their own oxidants 
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is given by the results of the investigation now being carried 
out on the problem of stabilizing cracked spirits. 

It is known that during storage or during the so-called 
induction period in the bomb method of appraising the 
stability of cracked spirits, peroxidation with formation of 
gum and development of acid is occurring [153, 1931; 
103, 1934]. From Fig. 5, prepared from data obtained by 
Egloff and colleagues and by other investigators, it will be 
seen that peroxidation and deterioration of a cracked spirit 
are closely connected. Egloff considers that the peroxide 
number (gram-equivalents of active oxygen per 1,(XX) 
litres) is a convenient measure of the extent of gasoline 
deterioration and is significant, not alone because the 
formation of peroxides is important, but because the con- 
centration of peroxides is an index to the entire complex 
series of reactions which go on when cracked gasoline is 
in contact with oxygen. 

The effect of inhibitors (in this case, wood-tar distillate, 
catechol, &c.) was to postpone the organic peroxide forma- 
tion, that is to say, the inhibitor was effective only in so far 
as it destroyed the oxidant by reacting or combining with 
it. When an inhibitor is present, peroxides form for a time 
at a very slow rate, but peroxide formation is not entirely 
eliminated. They build up at first at a fairly uniform rate, 
then at an increasing rate, probably as the inhibitor is be- 
coming reduced in concentration, and finally with great 
rapidity. The rate of peroxide formation during the early 
part of the induction period and the inhibitor susceptibility 
appear closely related. 

From experiments carried out by Dupont and Allard 
[49, 1930] with the use of hydroquinone as an anti-oxidant, 
they formed the opinion that the hydroquinone combined 
molecularly with the oxidant formed in the initial oxida- 
tion, so deactivating it, but not necessarily becoming 
oxidized. 

Manning [92, 1934] found that 0-5% hydroquinone in 
coal spirit inhibited the formation of organic peroxides and 
the general deterioration by oxidation with formation of 
gum. 

Confirmatory evidence on the significance of organic 
peroxides in the oxidation of petroleum products has been 
given by Wagner and Hyman [143, 1929] working on the 
lines of Brooks, and by Kogerman [84, 1927], Mardles and 
Moss [96, 1929], Yule and Wilson [153, 1931], Storey, Pro- 
vine, and Bennett [134, 1929], and others. Wagner and 
Hyman found that ordinary fatty acids produced by oxida- 
tion had little effect on the course of oxidation, and so they 
concluded that the peracids derived from the initially 
formed organic peroxides were oxidants, especially when 
they found that ammonia acted as a strong inhibitor. Per- 
oxide formation during liquid-phase hydrocarbon oxida- 
tion has been studied by ^avanne and Bode [40, 1930], 
who were able to concentrate the organic peroxides and 
their autoxidation products. 

According to Martin, Cruse and Lowy [99, 1933] con- 
jugated diolcfines present in cracked spirits oxidize in au- 
to form peroxides, and these act as oxidants. 

The large fall in knock-rating of an oxidized cracked 
spirit which contains organic peroxides is explained by the 
fact that organic peroxides have a remarkable action in 
promoting engine knock. Thus, Callendar and colleagues 
[32, 1927] found that acetone peroxide and ethyl hydrogen 
peroxide induced violent knocking in the petrol engine, 
Egerton [55, 1934] reports that diethyl peroxide is rather 
more potent than amyl nitrite at the same concentration, 
and its knocking aaion was inhibited by lead tetraethyl. 


Mardles and Moss, also Manning, have reported that the 
knock-rating of a deteriorated fuel spirit can be raised by 
washing with a little alkali to remove the accumulated 
organic peroxides. 

An interesting use has been made of the knowledge that 
organic peroxides are a potent factor in the deterioration 
of oils by Greenbank and Holm [70. 1934], who express 
the effect of anti-oxidants in terms of the accumulation of 
peroxides. They employ the term ‘protective factor’ of an 
anti-oxidant and define it as being the ratio of the amount 
of peroxides in the untreated oil to that in the treated oil. 
They found maleic acid to give a P.F. of 3 0 compared 
with 1*3 for fumaric acid. 

Peroxides and Autoxidation. Accurate knowledge con- 
cerning the chemical changes in which organic peroxides 
are formed from petroleum hydrocarbons and the precise 
way in which they accelerate combustion is yet to be 
obtained, but, in general, it is considered that they function 
as ‘oxygen carriers’ in the process of autoxidation, that is 
to say, oxidation of the hydrocarbon molecule proceeds 
not directly with the relatively inert oxygen molecule but 
with the reactive peroxide formed previously from another 
hydrocarbon molecule. 

The theory of autoxidation has been fully discussed by 
Engler [61, 1904]; by Bach [4, 1897]; by Staudinger [131, 
1925]; by Moureu and others. In general, the reactions 
involved are as follows: 

I. A-|-02->A02 peroxide formation. 

II. A02(autoxidator)+B(acccptor) — > AO 4- BO 

autoxidation. 

Backstrom [5, 1927], in considering the chain reaction 
theory of negative catalysis, concluded that autoxidation 
reactions are involved and these occur in two steps, the 
first oxidation product being a peroxide which then reacts 
with another molecule of the substance forming the final 
reaction product. The relative rates of the two reactions 
vary from case to case. If the second step proceeds rela- 
tively slowly, then the peroxide accumulates in the liquid 
during the course of the oxidation. A similar conclusion 
has been reached by Milas [102, 1932], who postulated a 
preliminary addition of oxygen with the subsequent forma- 
tion of hi^Iy metastable peroxides having hi^ instability 
and energy content. These peroxides may transfer their 
excess energy to other molecules and thereby initiate new 
reaction chains either by reverting to ordinary peroxides or 
by causing intramolecular rearrangement with subsequent 
splitting off of hydrogen peroxide or organic peroxides. 
According to the autoxidation hypothesis, for example, the 
formation of ethylene oxide during the slow combustion of 
ethylene may be represented by the interaction of ethylene 
peroxide with another molecule of ethylene: 

I. HjC^CHa+Oa -> HjC-CHa Peroxide 

I I formation 

0-0 

II. HaC-CH,+H2C-CHa->2H2C-CHa 

I I \/ Autoxidation. 

0-0 o 

The formation of organic peroxides from the hydro- 
carbon takes place by the addition of the oxygen molecule 
to the unsaturated bond which, according to Stephens [132, 
1928] and to Lenher [89, 1932] becomes activated in un- 
saturated hydrocarbons. These peroxides have been iso- 
lated and described by Staudinger and others, but in the 



PEftOX^IDE HUMBER 


OXTOANTS AND ANTI-OXIDANTS IN THE PETROLEUM INDUSTRY 


3041 


5 . PEKOXlD ATlOh DUMM(5 MVDROCAP.BOM OXIDATIOM. 



(g^ PEROXIDE FORMATION DUMMO INDUCTION (b.’) EFFECT OF PEROXIDE CONTENT Oh 
PERIOD OF ACPACKED SPIRIT IhDUCTlOH PEMOD OF A CRACKED 

( MORRELL. DRYER XOWRY A EQLOFF ) •* SPIRIT 

( MORRELL. DRYER. LOWRY &. EGLOFeV * 



CHAIN LINE INDICATES PRESSURE M3E:. 


Fro. 5. 



DETONATION 


3042 

case of the paraffin hydrocarbons the mode of attack is 
not so clear. Callendar and Mardles [32, 1928] considered 
that the oxygen molecule enters between the carbon-carbon 
linkage, and so forms a dialkyl peroxide, or between the 
carbon-hydrogen linkage to form a hydrogen alkyl peroxide. 
Dumanois, Mondain-Monval, and Quanquin [48, 1931] 
have described engine experiments dealing with the forma- 
tion and detonation of explosive peroxides in the engine 
cylinder. They made reference to their earlier investigation 
[48a, 1930] in which they reported identification of alkyl 
hydrogen peroxides amongst the oxidation products of 
hydrocarbons. Chavanne [39, 1931] considers peroxidation 
in the CH grouping with its mobile hydrogen to be the 
natural course of combustion. Griin [71, 1920] considers 
the possibility of the oxygen molecule joining at a nascent 
ethylene linkage, whilst fieri [10, 1928] considers that the 
paraffin hydrocarbon first loses some of its hydrogen, and 
oxygen combines with the unsaturated hydrocarbon formed 
to produce the peroxide. Stephens [133, 1933] has applied 
a vibrational activation theory to the primary addition of 
oxygen to a linkage activated by thermal means. Bone [16, 
1932] disputes the primary formation of peroxides, and 
considers that combustion is a process of hydroxylation, 
peroxide formation being incidental to the oxidation of 
aldehydes. 

Autoxidation by organic peroxides is considered by many 
workers undoubtedly to occur during the oxidation and 
combustion of hydrocarbons, both in the liquid and gas 
phases; if the amount of the peroxide in the mixture is 
diminished by the addition of a substance, then the rate of 
oxidation falls in proportion and the substance can be 
called an anti-oxidant (cf. Article 1). When aniline or ben- 
zene is added to a hydrocarbon undergoing oxidation, the 
benzene becomes autoxidized to phenol and the aniline to 
a tar, and this can occur at a temperature when both the 
benzene and aniline remain practically unattacked by oxygen 
under normal conditions,each being taken singly [93, 1928]. 
The aniline and benzene are apparently autoxidized by the 
hydrocarbon peroxides, since it was found that there was 
a big decrease in peroxide concentration whilst the rate of 
reaction diminished. 

Moureu and Dufraisse likewise consider from the results 
of many experiments that the organic peroxide primarily 
formed is the oxidant and that the anti-oxidants act by 
destroying or reducing the amount of the oxidant. In 
the case of organo-metallic compounds such as lead 
tetraethyl, the anti-oxidant decomposes during the com- 
bustion in an engine and the lead peroxide momentarily 
formed from the lead tetraethyl reacts with the fuel organic 
peroxides and decomposes them. This theory of antago- 
nistic peroxides can be expressed in the following way: 

Where A represents a hydrocarbon molecule and 
B the anti-oxidant, 

^+02 “>^(0,) (the fuel peroxide which acts as oxi- 
dant) 

AO + BO (inert oxidation products) 
and/or ^(Oa)+^(Oa) A+B+20^. 

CaUendar [32, 1927], Egerton [52, 1927], Moureu [107, 
1927], and Dumanois [47, 1928] have set forth their ex- 
planations on the mechanism of suppression of engine 
knock by small amounts of lead tetraethyl on the above 
lines of organic peroxide formation, the thermal decom- 
position products of lead tet*‘aethyl, namely, lead or lead 


oxide decomposing the peroxides and so removing the 
oxidant from the sphere of action. 

Experiments by Egerton, by fieri, by Mardles, and by 
other workers have shown that metals behave similarly to 
the organo-metallic compounds, whilst Egerton [54, 1931] 
has shown by several experiments that the metals behave 
as anti-oxidants only when in an incipient state of oxida- 
tion. 

From the author’s experiments on the slow combustion 
of hexane with oxidation times of a few seconds, it was 
found that the presence of various oxides in the ordinary 
state had little or no effect on the general oxidation be- 
haviour. They were also ineffective in the engine. Layng 
and Youker [86, 1928], however, using the bulb method 
of oxidation, found that the oxides of lead could exert an 
inhibitory action on the oxidation of petrol vapour above 
220^" C. It appears that the metal itself when in a state 
of incipient oxidation is the effective part of the organo- 
metallic dope (cf. Article 1, p. 2911). 

Activation and Chain Reaction. From a consideration of 
the slowness of reaction during the induction period, it 
would appear that the normal reaction between hydro- 
carbon molecules and oxygen molecules occurs with excep- 
tional slowness, and only when an oxidant is introduced 
in the system or is produced by oxidation in the course of 
time does the reaction accelerate. The reaction is also 
speeded up by temperature rise, light, radiation, silent 
electric discharge, &c., whereby either some of the mole- 
cules which have absorbed energy enter into an excited or 
activated state and become reactive, or radicals arc formed 
which can propagate reaction. It will be realized that not 
all the molecules in a hydrocarbon-oxygen mixture are 
capable of reacting, otherwise the reaction would be prac- 
tically instantaneous; the rate of oxidation at any moment 
depends upon the concentration of reactive or activated 
molecules. Arrhenius [2, 1889] considered the thermal 
activation of molecules, and in his well-known equation for 
the variation of reaction velocity with temperature, 

^/log^'_ E 
dT ^ RT-' 

where k is the velocity, the quantity E has the dimensions 
of energy and can be regarded as the heat absorbed in the 
formation of an active molecule at the expense of a normal 
one, and for this reason is called the heat of activation. 
The study of photochemical reactions has shown that not 
only is one molecule activated by each quantum of light 
absorbed according to the Einstein law of photochemical 
equivalence, but sometimes 50,000, and this has been ex- 
plained by the chain reaction theory [5, 1927; 42, 1928; 
78, 1933]. 

The idea of chain reactions already discussed in Articles 
1 and 2 has been introduced into the study of oxidants and 
anti-oxidants, and from this standpoint an oxidant is defined 
as a substance which activates a chain of molecules render- 
ing them reactive, and an anti-oxidant is one which breaks 
the chain or deactivates. With regard to the anti-knock 
action of iron carbonyl, lead tetraethyl, &c., in the engine 
cylinder, it can be considered that the oxidants, formed 
in the combustion mixture by incipient oxidation, are 
deactivated by the decomposition products of the metal 
compound. Staudingcr uses the term ‘moloxide’ for 
the activated primarily formed peroxide in distinction to 
the isolable peroxides less rich in energy. Theories of 
anti-oxygen have been made on these lines, namely, that 
anti-oxidants by reacting with the oxidant, for example. 
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the activated oxygen molecule or the activated organic 
peroxides formed in the initial stages of combustion, 
removes it from the sphere of influence. Egerton assuming 
an ‘energy chain* mechanism has expressed the formation 
of activated molecules in the case of ethane oxidation in the 
following way: 

CHa.CHa+Oa-^ CHs.CHaOa^ ~> CHaCHO+HaO* 
HaO*+Oa->Oa*+HaO 
(the star denotes an activated molecule) 

here the energy of the peroxide is passed on to the oxygen 
molecule through a molecule of water. 

Thompson and Hinshelwood [139, 1929], who have 
studied the mechanism of the oxidation of ethylene, con- 
sider their experimental results indicate that ethylene first 
forms an unstable peroxide which sets up chains of reac- 
tions throughout the gaseous system. Other examples of 
activation and chain reaction mechanism in hydrocarbon 
oxidation are given by Edgar and colleagues [115, 1929] 
(octanes), Lenher [89, 1932] (ethylene and propylene), and 
Fort and Hinshelwood [63, 1930] (benzene); Frear [65, 
1934]; and Austin Taylor and Riblett [3, 1931]. 

It will be seen that the autoxidation and chain-reaction 
theories of the mode of action of anti-oxidants and oxidants 
in the above hydrocarbon oxidations arc not antagonistic 
but complementary. One is based on concepts of organic 
cheniistry and the other, which is derived from ideas of 
molecular physics, is independent of the manner in which 
the chemical change occurs. 

Taylor [137, 1923] and later Perrin [113, 1927], then 
Dupont [49, 1930], have put forward the idea that anti- 
oxidants combine temporarily with activated molecules of 
the oxidant, the molecular complex subsequently dissociat- 
ing with the liberation of inactive molecules. Moureu [106, 
1928], in discussing this hypothesis, thinks it unlikely that 
such a varied assortment of anti-oxidant substances as dis- 
similar as sodium iodide, hydroquinone, thio-hydracrylic 
acid, and so on, should all act in the same way. A hypo- 
thesis based on the inactivation of oxygen, he considers, is 
much more possible, since oxygen is a common factor in 
each case. From the results of their experiments with 
hydroquinone, Moureu and colleagues prefer the hypo- 
thesis involving autoxidation by the initially formed per- 
oxides, rather than the one of inactivation which they 
consider is quite insufficient to account for the observed 
anti-oxidant effect. Dhar [44, 1928] favours the autoxida- 
tion hypothesis of anti-oxidants and oxidants in preference 
to one based on chain reactions alone. In thermal oxida- 
tions, he considers the anti-oxidant becomes oxidized whilst 
in action and hydroquinone is no exception. 

Egloff and colleagues, in considering the mode of action 
of anti-oxidants in cracked spirits, point out that there is 
a close relationship between the critical oxidation potential 
(index to case of oxidation) of the anti-oxidants and their 
inhibitory action. The superiority of ortho- or para- 
substituted compounds over their meta isomers — seen in 
comparing resorcinol and catechol, or in the cresols and 
xylenols — is linked with the effect of ortho- or para-sub- 
stitution on oxidation potential. Similarly, the superiority 
of alpha- over beta-naphthol is related to the lowerpotential 
of the former compound. 

A good deal of further investigation must be carried out 
before the precise modes of action of various anti-oxidants 
in rendering the oxidant ineffective are elucidated. Un- 
doubtedly an explanation of anti-oxidants and oxidants 
as applying to hydrocarbons involves both the concepts of 
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autoxidation and of activation and chain mechanism of 
reaction. 

Interesting information relating to the theory of catalytic 
and anticatalytic action of small traces of foreign sub- 
stances was given in the reports of the discussion on homo- 
geneous catalysis by the Faraday Society, 1928. 

Chemi-luminescence. One of the first manifestations of 
chemical change in many combustible gaseous mixtures on 
heating is a faint luminous glow or luminescence which, 
unlike a true flame, does not possess sharp boundaries but 
extends in the form of a cloud throughout the heated gas 
mixture. Anti-oxidants extinguish the glow, so there is an 
interesting comparison between the extinction of lumin- 
escence by inhibitors and the action of lead tetraethyl in 
raising the self-ignition temperature of ignitible gases; in 
both cases there is an initial suppression of chemical 
change, indicating the similarity of the mechanism of in- 
hibition. Gill, Mardles, and Tett [68, 1928] have studied 
the action of oxidants and anti-oxidants on the lumin- 
escence of hexane-air mixtures. A 13-7% mixture of normal 
hexane in air began to show luminescence and fog forma- 
tion at 308°, followed by intermittent glow pulses and rapid 
thickening of the fog at 315°. The bluish ^ow as it passed 
the thermo-couple raised the temperature to 340° momen- 
tarily. Nitrogen peroxide caused fog to appear at a tem- 
perature 50° below the fog temperature of hexane-air alone. 
It completely prevented the appearance of intermittent 
luminescence and continuous glow, but the mixture ex- 
ploded violently at 430° C. Ethyl nitrate and carbon disul- 
phide had no effect on the glow ; carbon monoxide appeared 
to brighten it, whilst ammonia and the vapour of bromine, 
ethyl alcohol, and methyl alcohol extinguished it. The 
effect of a little lead tetraethyl vapour on the mixture was 
to delay the glow from 305° to 350° and to make the com- 
bustion wave much cooler. 

Aniline vapour (1%) was found by Coffey and Birchall 
[43, 1934] to cause the lower bluish flame zone in hydro- 
carbon combustion to disappear entirely and to increase 
the upper self-ignition temperature by over 20°, whilst 
nitrosobenzene was found to decrease the self-ignition tem- 
perature. 

The hexane glow observed by Gill, Mardles, and Tett 
appeared to be quite unaffected by platinum, gold, silver, 
copper, aluminium, and tin foils. Thallium, chromium, 
lead, and vanadium pentoxide had also little or no effect: 
the only apparent effect of an iron strip was to cause the 
glow to spread over the surface of the iron, the intensity 
remaining unchanged. However, the metal surfaces were 
known to increase the oxidation rate. 

Effect of Surfaces. It is necessary to include some refer- 
ence to the action of surfaces on hydrocarbon oxidation 
and combustion, because the phenomena of surface oxida- 
tion (heterogeneous reactions) can be explained to some 
extent in terms of activation, deactivation, and chain 
reaction; the effect of lead tetraethyl in the gas phase can 
be imitated by using metallic lead and that of iron carbonyl 
by metallic iron, indicating that the organic metallic com- 
pound is effective by providing a deactivating surface of 
metal or metal oxide. It has been found by Mardles and 
by Egerton that metal surfaces decrease the amount of 
detectable peroxides; presumably the surface destroys them 
in some way and so tends to raise the igniting temperature. 
In most hydrocarbon oxidations, even in a glass or silica 
vessel, the walls play some part, and this effect can be 
studied by packing the vessel with glass beads or powdered 
silica. With regard to the influence of surfaces on com- 
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bustion by catalysis or by breaking chains, Egerton has put 
forward the following scheme in order to indicate broadly 
that, although results were different, the fundamental hap- 
penings were similar (double line signifies metal; black, 
fuel; white, oxygen; dash, activation): 

(1) 1100 • -►no O# Catalysing at walls. 

(2) (fl) 00^;+ OO#' I Catalysing in body of 

(ft)«00'+« -'•'O + O# I 

f Energy 

(3) 1 10 00#'-^ll00 O# Breaking chain at 

walls. 

(4) (<i) @00 +00 @04' O #4-00 Breaking chain by 

metallic peroxide. 

(W @0 + 00#' -► @00 + 0# Probably docs not 

break chain. 

Pease [112, 1929] found from his study of the charac- 
teristics of the non-explosive oxidation of propane and bu- 
tane that glass packing suppressed the reaction, especially 
if the surface was coated with potassium chloride. 

Bone [15, 1933] has summarized his work on surface 
combustion by stating (1) that the power of accelerating 
gaseous combustion is possessed by all surfaces at tempera- 
tures below the ignition point in varying degrees, dependent 
on their chemical character and physical texture; (2) that 
such accelerated surface combustion is dependent on a 
prior adsorption of the combustible gas, and probably also 
of the oxygen by the surface, whereby it becomes ‘activated’ 
by association with the surface; (3) that the rate at which 
the so-‘ activated’ combustible gas is burned is relatively 
very great compared with the rate at which it is rendered 
active, so that the controlling factor in the process is not 
the actual rate of combustion at the surface, but the rate 
of ‘activation* of the combustible gas, which is, in turn, 
proportional to its pressure; and (4) that the surface itself 
becomes electrically charged during the process. 

From Fig. 2 it will be seen that the metal surfaces not 
only alter the temperature of initial oxidation but also have 
a profound effect on the temperature coefficient; chemical 
analyses of the gases at different temperatures and stages 
of oxidation show that the presence of iron and lead tend 
to decrease the amounts of aldehydes, acids, organic per- 
oxides, and other intermediate products, whilst increasing 
the amount of water and carbon dioxide. It would appear 
that the metal surface does not necessarily prevent the 
formation of intermediate oxidation products but tends to 
crowd them together and hasten their further oxidation 
to the final products. The function of a metal or organo- 
metallic compound in promoting the formation of water 
and carbon dioxide yet inhibiting peroxides which tend to 
promote engine-knock is of significance in relation to the 
fact that in the engine cylinder the presence of lead tetra- 
ethyl, whilst suppressing knocking, does not slow up the 
ordinary combustion. 

From the experiments of Carr and Brown [36, 1929] on 
the rate of pressure rise during gaseous explosions, the 
effect of lead tetraethyl appeared to be governed by the 
rate of combustion of the explosive mixture. As the rate 
of reaction (or rise in pressure) increased, the retarding 
action of the lead tetraethyl disappeared and was even 
replaced by an accelerating action on the combustion. 
The phenomenon was explained on the grounds that the 
decomposition products of lead tetraethyl are the actual 
anti-oxidants, so if in the region ahead of the flame the 
rate of decomposition of lead tetraethyl is less than the 
rate of inflammation the anti-dxidant effect is not obtained. 


The main function of lead tetraethyl in the engine cylinder 
appears to be the suppression of oxidation changes leading 
to violent ignition of the unburnt charge ahead of the flame 
(cf. Article 1). 

Experimental data regarding the combustion of hydro- 
carbons in the vapour phase in the presence of organo- 
metallic compounds which decompose to form a cloud of 
metal and metal oxide dust are contained in the literature, 
and the following selection shows that anti-knocks act as 
anti-oxidants. 

Callendar and colleagues [32, 1927] found that, in the 
oxidation of normal hexane in air passed through a glass 
tube, the addition of a little iron carbonyl or lead tetra- 
ethyl vapour suppressed the oxidation rate at 500'' more 
than tenfold. Mardles [93, 1928] found a similar anti- 
oxidant effect using a closed bulb method. Berl [10, 1928] 
confirmed this anti-oxidant effect; at 400° C. with 01% 
carbonyl present in a hexane-air mixture, the amount of 
water formed during the oxidation was reduced from 10 to 
3% and the residual oxygen in the mixture increased from 
1 to 8'9%. With 1% iron carbonyl present, even at 700° 
the amount of water and aldehydes was less than that 
formed at 400° with the plain hexane-air mixture. Lead 
tetraethyl (to 1%) and aniline (to 20%) behaved similarly 
to iron carbonyl in suppressing oxidation in air at 400°, 
both with hexane and cyclohexane (cf. Article 1). 

Pope, Dykstra, and Edgar [115, 1929] have carried out 
experiments with isomeric octanes to determine the effect 
of lead tetraethyl on the oxidation rates. They also con- 
cluded from the results that there is a close relationship 
between the phenomena of knock suppression and the 
suppression of oxidation reactions. 

Pro-knocks and Anti-knocks. 

It is generally agreed that anti-knocks act in the capacity 
of anti-oxidants, the oxidation changes in the fuel charge 
ahead of the flame being suppressed or delayed [101, 1923]. 
A large number of substances have been tried out in the 
petrol engine by various workers with a view to finding suit- 
able anti-knock fuels and to discovering the cause of engine 
knock. 

Small amounts of organic peroxides, ozone, amyl 
nitrite, ethyl nitrate, or nitrogen peroxide, promote severe 
knocking whilst, on the other hand, corresponding 
amounts of lead tetraethyl, iron carbonyl, or nickel 
carbonyl delay knocking. Many other substances must be 
added in much larger quantity before their effect is felt, 
such as ethyl ether, nitrobenzene, normal heptane, &c., 
which tend to reduce the knock rating and benzene, aniline, 
phenol, &c., which tend to raise it. Charch, Mack, and 
Boord (192Q studied the effect of various compounds of 
lead and other metals as anti-knocks. Some of their engine 
results, expressed in terms of the efficacy of lead tetraethyl 
taken as 100, are given in Table II. 

Many lead compounds were found to be without effect, 
including the following: benzaldehyde lead, lead tetra- 
stearate, lead tetracetate, lead diphenyl carbazide, Soc, 
Numerous other metallic derivatives were also found to be 
without effect; these included sodium zinc ethyl, gold 
chloride, ferric dimethyl glyoxime, aluminium ffiethyl, 
dicarbonyl chloroplatinite, nickel dimethyl glyoxime, 
copper diphenyl carbazide, cobalt succinimide, chromium 
pentaphenyl bromide, and nitrogen sulphide. 

Boyd [19, 19^] in his investigations found that nitrogen 
exerts a greater influence upon the character of combustion 
than any other element of small atomic number. Those 



3045 


OXIDANTS AND ANTI-OXIDANTS IN THE PETROLEUM INDUSTRY 


nitrogen compounds which tended to suppress knocking 
were primary and secondary amines, particularly those 
containing an aryl group. Some of his results are given in 
Table HI. 

Table n 


Anti-knock Compounds 


Compound 

Formula 

Anti-knock 

Coefficient 

Lead tetraethyl 

Pb(CaH,)4 

100 

Lead tetraphenyl . 

Pb(C.H.), 

59 

Lead diethyl dichloride . 

Pb(C.H.),Cl, 

67 

Lead diphenyl dimethyl 

Pb(C.H.).(CH.). 

97 

Lead diphenyl di-iodido . 

Pb(C.H.)J, 

80 

Lead ethyl xanthogenato 

Pb(C,H,OCSS), 

7-1 

Bismuth triphenyl 

Bi(C.H.)3 

18-2 

Bismuth trimethyl 

Bi(CHJ, 

20-2 

Stannic iodide 

SnL 

12-8 

Tin diethyl di-iodide 

Sn(C,H5)J, 

12-3 

Cadmium dimethyl 

Cd(CH,), 

1-05 

Triphenyl arsine . 

As(C,H.), 

1-4 

(approx.) 

Aluminium ethyl iodide 

AhCC^HOal. 

very weak 
(due to 

iodine con- 
tent) 


Table III 

Effects on the Anti-knock Value of Aniline of Substituting 
Various Organic Radicals for Hydrogen in the Ring and in 
the Amine Group 


Compound 

Formula 

Reciprocal of 
mo Is. required 
to give anti- 
knock effect 
equivalent to 

I mol. of ani- 
line^ 

Aniline .... 

C.HaNHg 

1-0 

Toluidinc .... 

CHaC.HgNH, 

1-22* 

/w-Xylidinc .... 

(CHalgC.HaNH, 

1-4 

Cumidine .... 

(CHa),C,H,NH, 

1 51 

Ethylaminobenzene 

CaHaC,H4NH, 

M4 

Amylaminobenzenc 

CaHnC^H^NHa 

M5 

Monomethylaniline 

CgHaNHCH. 

1-4 

M ono-/i-propylanilinc 

C.HaNHCgH^ 

0-75 

Diphenylamine 

CeHaNHCgH. 

1-5 

Dimethylaniline 

C,HaN(CH,)8 

0-21 


* Based on concentrations of aniline up to 3% by volume in 
kerosine. 

* Average of o, m, and p values. 


The effects of nitrogen compounds are small in com- 
parison with those of other elements; Boyd gives the follow- 
ing table to illustrate this: 


Table IV 

Nitrogen compared with some other elements in effect upon 
combustion 


Element 

Compound 

Reciprocal of mols. 
required to give an 
anti-knock effect 
equivalent to 1 mol. of 
aniline 

Nitrogen . 

(C.Ha),N 

0-14 


(C.H.)aNH 

1-5 

Selenium 

(C.Ha).Se 

6-9 

Tellurium 

(C.H.),Te 

26-8 

Lead . . i 

(C.H4)4Pb 1 

1200 


In addition to the organo-metallic derivatives of lead and 
the carbonyls of iron and nickel, other metallic compounds 
have been claimed for use as anti-knocks. Compounds of 


thallium, cobalt, chromium, vanadium, &c., and potassium 
salts [5, 1927] and potassium gallate [60, 1928], have been 
proposed for the purpose of raising the knock rating of 
fuels. Copper or ferric compounds of oxymethylene 
camphor and the copper compound of amino-methylene- 
acetone or of oxymethylene-acetophenone in motor fuels 
are claimed in B.P. 370,287 (7 April 1932); copper dis- 
persed in methyl cyclohcxanol is claimed in B.P. 267,079. 

The great disadvantage of using metallic compounds 
dispersed or dissolved in gasoline is the trouble of deposits 
in the engine. Lead tetraethyl is used in the form of ethyl 
fluid of the following composition (Banks): 


Lead tetraethyl 
Ethylene dibromide . 

Dye .... 
Kerosine, &c. . 

Sp. gr. at 20® C. 

(proportion of lead tetraethyl in 


. 61-4% by weight. 

. 35-7% 

. 0-2®/o „ 

. balance 
. 1-755 

fluid by volume is 65«5%). 


The inclusion of ethylene dibromide was the result of 
extensive investigation. This halogen bearer converts the 
lead oxide to lead bromide which is volatile at the working 
temperatures prevailing in the cylinder and is evacuated 
along with the exhaust gases. 

The maximum concentration of lead tetraethyl generally 
used in any fuel, for commercial purposes, is 3*6 c.c. per 
imperial gallon, but for government and military purposes 
the concentration is sometimes increased to 7 0 c.c. per 
imperial gallon. It has been found that some gasolines 
respond more to the effect of lead tetraethyl than others 
[75, 1932; 7, 1934]; thus a gasoline from a California oil 
had a highest useful compression ratio (H.U.C.R.) of 54, 
one from a Burma petroleum an H.U.C.R. of 5-6, yet the 
addition of 0*7 c.c. of lead tetraethyl brought both gaso- 
lines to an H.U.C.R. of 5-8. The use of iron carbonyl as an 
anti-knock in the fuel known as ‘Motalin’ appears to have 
been discontinued since 1929 (cf. Article 11). 

Alcohols, benzene, toluene, cracked spirit, or casing- 
head spirit may be used for increasing the knock rating of a 
straight run gasoline, but the addition of some substances, 
such as, for example, butyl alcohol, aniline, tetralin, phenol, 
&c., which must be added in fair quantity before their anti- 
knock effect is felt, interferes with the volatility of the fuel 
and sometimes enhances the difficulties of corrosion and 
the deterioration during storage, also the fouling of the 
engine. Information relating to the knock rating of a 
large number of hydrocarbons, alcohols, amines, &c., 
either alone or in blends, is given by Gamer, Evans, 
Sprake, and Broom [67, 1934], by Schmidt [125, 1934], 
and by Lovell, Campbell, Signaigo, and Boyd [91, 1934] 
(cf. Article 10). 


Oxidants and Anti-Oxidants in Cracked Spirits. 

The modem development of ‘cracking’ petroleum resi- 
dual oils with a view to obtaining increased yields of motor 
spirit of a high knock rating has introduced the problem 
of stabilizing these fuels against deterioration by oxidation 
during storage. In addition to the paraffin and ring hydro- 
carbons normally in straight-run gasolines, cracked spirits 
contain unsaturated hydrocarbons which, by a complex 
process of oxidation and polymerization, form gums and 
acids with a corresponding fall in knock rating during 
storage. If it were possible to prevent aeration of the 
cracked spirits from the time of distillation to the time of 
use, apparently little or no change in the spirit would be 
expected ; but since during some stage of its history the fuel 
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inevitably comes in contact with air, there is always a 
possibility that gumming and a fall in knock rating might 
occur during storage, even with well-refined spirits con- 
taining only a small proportion of olefines. Attempts to 
remedy this defect have been made from two main stand- 
points, (a) by careful refinement to remove the readily 
oxidizable diolefines and sulphur compounds, and (b) by 
the use of anti-oxidants which delay the initial peroxide 
formation. During the refining process there is usually 
a considerable loss of valuable olefine hydrocarbons and 
so, to avoid excessive losses by elaborate refining, use is 
made of a wide range of anti-oxidants. 

It has been found that in the liquid-phase oxidation of 
hydrocarbons the substances which are most capable of 
inhibiting oxidation are of the phenolic class; for example, 
hydroquinone, phenol, cresols, thymol, pyrogallol, &c.,and 
of the amino or organic derivatives of ammonia class ; for ex- 
ample, para-amino-phenol, beta-naphthylamine, urethane, 
Ac. Many of these phenolic and amino substances give pro- 
longed storage life to a fuel spirit, but considerable dis- 
cretion is needed in their selection and in the amount to be 
used, because under some conditions they are liable to aug- 
ment the difficulties by causing discoloration or deposits 
and, in extreme cases, even of behaving as accelerators, after 
ageing. The aromatic amines, e.g. aniline, toluidines, 
diphenylamine, Ac., in particular, must be used with con- 
siderable care, because they themselves become oxidized 
eventually to gummy substances and so contribute to the 
gumming difficulties. Egloff and co-workers [59, 1932] 
have shown, with a Pennsylvanian cracked spirit by their 
method of test using an oxygen bomb, that the aromatic 
diamines were more potent than the mono-amines in pro- 
longing the induction period. Phenyl alpha-naphthylamine 
and para-amino dimethyl aniline were very effective. 
p,p-Diaminodiphenylamine (0 01 %) inhibited deterioration 
in the spirit tested over a period of 6 months and was 
shown to be a good inhibitor by the bomb test. The 
effectiveness of the aromatic amines, however, varies 
considerably from spirit to spirit. 

Better results appear to be obtained when the amino 
group is modified by forming an acyl derivative such as in 
acetanilide, or when a carboxyl group is adjacent to the 
amino group such as in glycine or oxamine. 

Tricresol, which is the name given to the coal tar phenolic 
fraction boiling 195-203° C., has been found to give satis- 
factory results, when present in the optimum amount of 
0-03%, in stabilizing benzoles for fuel purposes, and it is 
considered that the stabilized benzoles are little inferior to 
those purified by acid wash [80, 1926-30]. 

The ortho- and para<resols surpass meta-cresol in 
anti-oxidant action, and this is believed to be due to the 
capacity of the former substances to form quinones by 
oxidation. 

Moureu and Dufraisse in their initial researches found 
that hydroquinone, pyrocatechol, and pyrogallol possessed 
far greater anti-oxidant properties than did phenol and 
resorcinol. 


CH 
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OH 
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para-cresoi hydroquinone para-quinone 
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A-oH 

— > 

X/ 

\/ 

ortho-cresol 

\/ 

pyrocatechol 

\/ 

ortho-quinone 


Similarly, it has since been found that hydroxy-hydro- 
quinone and pyrogallol are more effective than phloro- 
^ucinol, presumably for the same reason that they more 
readily form quinone. 

Rogers and Voorhees [120, 1933] found 4, 4 dihydroxydi- 
phenyl to possess considerable anti-oxidant activity, and 
this they suggest is possibly due to its oxidation to di- 
quinone. 

The anti-oxidants suitable for cracked spirits are not 
necessarily confined to compounds containing a phenolic 
and amino group; a large number of substances outside 
these classes have been reported on or disclosed in patent 
literature as giving beneficial results. Some of these are 
included in the following list (Table V): 

Table V 


Substance 


Reference 


Seleno mcrcaptans (phenyl or Rosenstein, L., and Hund, W., 
ethyl seleno mercaptans) . U.S.P. 1.835,184 (1931). [121]. 
Acyl derivations of an aromatic Calcott and Lee, U.S.P. 1,789,302. 
amine (acetanilide) (1931). [31). 

Imidines (phthalimidine) . Jaeger. U.S.P. 1,908,705 (1933). 

[81). 

Phthalide (hexahydrophthalide) Jaeger. U.S.P. 1.914,509. [81). 


Piperazine 

Nicotine 

Hexamine 

Ammonia 

1, 2 naphthoquinone 


Quinhydronc 
Phenoxazine . 
Naphthalene 01% . 


Mardles, Proc. World Petr, Con- 
gress, 1933. [95). 


Wagner and Hyman, J.I.P.T. 15^ 
674. (1929). [143). 

Egloff, Morrell, Lowry, and Dryer, 
J. Ind. Eng. Chem. 24, no. 12, 
1375 (1932). [59). 


. Egloff, Faragher, and Morrell. Oit 
and Gas J. 28 (29), 116 (1929). 
157). 

Anthracene 0*1% .. . „ „ „ 

Pyrene 

Phthalic anhydride ... „ „ „ 

Organic compound containing Burke. Can. P. 339,715 (1934). [28). 
the group r=N N— (4, 4 di- 
phenyl semi-carbazidc) 

Gum camphor . . . Sullivan. Oil and Gas J. 29 (42),. 

156(1931). [135). 

Camphor, camphorphorone J. Morrell, U.S.P. 1,930,248 


camphoric acid 
Nitro compounds 


Oxalic acid . 

Stannous oleate 
Stannous chloride 
Sodium methylate 
Sodium iodide 


Arsenic tri-iodide . 
Malachite green dye 
Peri-monoxy naphthalene 


(1933). 

Somerville. B.P. 289,347 (1926). 
[128]. 

Hoffert and Claxton, 1933. [79). 
Std. Oil Co. B.P. 348,011 (1929). 
[130). 


Moureu, Dufraisse, and Chaux,. 
Compt. rend, 184, 413 (1927). 
[106). 


. B.P. 399,733. 



OXIDANTS AND ANTI-OXIDANTS 

Since it is important to select the most suitable and the 
correct amount of an anti-oxidant for any particular fuel 
spirit, it is necessary to carry out accelerated storage tests 
in order to obtain some idea of the amount of gum likely 
to be formed (potential gum) during an interval of time. 
All the methods proposed for potential gum determination 
are based on oxidation; a complete summary of these is 
given in the Proceedings of the World Petroleum Congress, 
1933, Vol. 2, p. 85, by Eglolf and colleagues. 

The accelerated oxygen bomb test (Aldrich and Robie 
[1, 1932]; Bridgeman [20, 1932]; Egloff, Morrell, Lowry, 
andDryer [56, 1933] ; Ramsey [1 18, 1932]; Ward[144, 1932]; 
and Winning and Thomas [149, 1933] has been used to a 
considerable extent and is useful in a refinery for obtain- 
ing information quickly regarding the probable storage life; 
precise correlation, however, between actual storage results 
and the length of the induction period has not always been 
obtained (Bridgeman [20, 1932]; Bespolov and Degtyareva 
[11, 1932]; Sullivan [135, 1931]; Winning and Thomas 
[149, 1933]; Flood, Hladky, and Edgar [62, 1934]), and in 
the opinion of Mardles and Moss [97, 1933] severe oxida- 
tion conditions in any potential gum test are to be avoided, 
especially when anti-oxidants are present, these being so 
sensitive to conditions. Mardles [95, 1933] found that some 
substances decreased in anti-oxidant action with rise of 
temperature or even inverted to oxidants and so, in a search 
for suitable substances as anti-oxidants, a mild incubation 
test in air, as near as possible to the actual storage condi- 
tions, is recommended. 

Egjoff and colleagues, using a Pennsylvania cracked 
spirit with a normal induction period in the bomb of 45 
minutes, obtained the following results, using 0 01% by 
weight of various organic substances : 

Table VI 

(a) Phenolic Compounds 

Induction period 
{min.) 


Monohydroxy 

Phenol 75 

o-Cresol 135 

m-Crcsol ....... 75 

p-Ciesol ....... 210 

Tricresol (tech.) 135 

Butylphenol (para and ortho mixed) 195 

/er/-Butylphenol (para and ortho mixed) . 210 

4-Hydroxyl- 1 : 3-dimethylbenzene 420 

2-Hydroxy- 1 : 3-dimethylbenzenc 420 

4-Hydroxy-l: 2-dimethylbcnzenc 255 

2-Hydroxy- 1 : 4-dimethylbenzene ... 285 

Thymol 300 

Carvacrol 180 

Polyhydroxy 

Catechol 2,400 

Resorcinol 150 

Orcinol 150 

4-Butylresorcinol 360 

4-Hcxylrcsorcinol 390 

4-Hcptylrcsorcinol 300 

Hydroquinone 85 

Toluhydroquinone 70 

Pyrogallol 2,185 

Phloroglucinol 90 

Polycyclic 

alpha-Naphthol 2,250 

beta-Naphthol 330 

1 : 5-Dihydroxynaphthalene .... 1,705 

o-Hydroxydiphenyl 60 

/i-Hydroxydiphenyl 135 

Nitroso-naphthol 135 
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(b) Amines 

Aromatic monoamines 

Aniline ....... 45 

o-Toluidine ....... 60 

Diphenylamine ...... 105 

Polyamino compounds 

o-Phcnylenediamine ..... 450 

w-Phenylcncdiamine ..... 165 

p-Phcnylenediamine .... 960 

m-Toluylenediamine 240 

p-Aminodimethylaniline 635 

p-Aminodiethylaniline 375 

/>-/)-Diaminodiphcnylamine .... 945 

Benzidine (0 05%) 195 

o-Tolidine 120 

2: 4-Diaminodiphcnylamine .... 880 

Naphthyl amines 

a-Naphthylamine 105 

)3-Naphthylaminc ...... 75 

Ethyl-a-naphthylamine ..... 165 

Phenyl-a-naphthylamine 720 

Phcnyl-j3-naphthylamine 195 

(c) Aldehyde-amine Condensation Products 

Acetone-aniline ...... 420 

Acetone-diphenylamine 330 

{d) Amino and Nitrophenols 

o-Aminophenol ...... 1,320 

m-Aminophenol ...... 330 

/>-Aminophenol 2,340 

2- Amino-5-hydroxytoluene .... 1,785 

3- Nitro-4-hydroxytoluenc .... 50 

2-Amino-4-nitrophenol 1,260 


Egloff in discussing his results considers the bomb 
method to be useful in distinguishing inhibiting substances 
from those that are not effective, the increase in storage life 
not being necessarily the same as might be expected from 
the increase in induction period. Hydroquinone, for 
example, gave a comparatively short bomb induction 
period yet it protected a fuel for over 6 months in actual 
storage. 

From Fig. 6, it will be seen that there is a rough parallel 
between storage life and the induction time in numerous 
instances; also there is a rough relation between the per- 
oxide number and gum formation. Fig. 5, and gum forma- 
tion with the fall in knock rating. 

In addition to the measurement of the induction period 
in the bomb method, some idea of the storage life of the 
fuel is given by the amount of gum formed during an arbi- 
trary period of time in the bomb; Scheumann [124, 1933] 
using this procedure has studied the gum inhibiting action 
of anti-oxidants from the stand-point of the ratio : 

Gum inhibiting index = average potential gum reduction/ 
average concentration of in- 
hibitor mg. per 100 ml. 

Small amounts of mineral acids appear to have a strong 
accelerating effect on the deterioration of cracked spirits; 
even the addition of 0 01 metol (p-methylaminophenol 
sulphate) to a coal spirit accelerated the deterioration, 
although the free base has an inhibitory action. Wagner 
and Hyman have published data showing the inhibitory 
action of ammonia on a cracked spirit. They found that 
after 52 days’ storage the plain spirit had increased in gum 
by 203 mg., whilst with hydroquinone the gum increase was 
42, and with ammonia 35. They suggest the reason of the 
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decrease is the reduction of the hydrogen-ion concentration. 
This view was strengthened by the discovery that a trace 
of hydrogen chloride gas not only caused polymerization 
in gum-free vapour phase cracked spirit, but also promoted 
profound oxidation. Hoffcrt [79, 1933] reported that traces 
of mineral acid present in benzoles were sometimes suffi- 
cient to spoil the action of crcsylic inhibitors. Acetic acid 
exerted a faint catalysing action. Ammonia under some 
circumstances increased the gum yield. On the other 
hand, considerable improvement was obtained with various 
classes of olefinic fuel spirits using ammonia gas and 
ammonia derivatives. 

Some results with these inhibitors are given in Table VII 
and Fig. 6. 

Table VH 

Influence of various nitrogen compounds on gumming 
tendency 

(a) Liquid-phase cracked spirit^ stored for 1 month at 30° C. in one-fifth 
filled flasks, in dark 


Plain 

Gum 

mg, per 100 ml, 
38 

„ + piperazine 

42 

„ +hcxamine 

5 

„ +urca 

8 

„ +pipcrine 

35 

„ +thio-urea 

7 

„ + uric acid 

15 

„ + nicotine 

16 

compare with 

Plain + hydroquinone 

13 


{b) Sample of redistilled liquid-phase cracked spirit stored at 35° in one- 
tenth filled flasks for 3 and 5 days. Additions of solids up to 0-05%; 
liquids up to 0’25% 


Plain . . . . 

„ + ammonia . 

„ + pyrrol 
„ -f formanilide 
„ +carbanilide 
„ +para-aminoacetanilide 
„ 4- quinoline . 

„ + piperazine 
» + pyridine . 

„ -haminoacetic acid 

compare with 
Plain + phenol 


Gum 

mg, per 100 ml. 


After 

After 

3 days 

5 days 

5 

14 

12 

14 

8 

12 

8 

11 

5 

12 

6 

12 

5 

12 

3 

7 

5 

9 

4 

5 

__ 

12 


(c) Sample of redistilled coal spirit stored at 30° 
flasks for 8 days 


Plain 

„ +0 05% piperazine . 

„ +0-05%p-aminoacctanilide 
„ +0*2% p-aminophenol' 

„ +0-05% aminoacetic acid . 


in one-tenth filled 
Cum 

mg, per 100 mi, 
30 
9 
8 

25 

18 


compare with 
Plain +0*25% crcsylic acid 
„ +0-25% carbolic acid 
„ +0*02% hydroquinone 


16 

12 

4 
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(d) Sample of redistilled coal spirit stored at 25° in one-tenth filled 
bottles In dark. (The storage life Is equivalent to the time in days taken 
to reach 20 mg. gum per 100 ml.) 

Storage Itfe. 


Plain 

„ -f 0 - 005 % urethane . 

+ 0 - 01 % „ . 

„ + 05 % 

, / 0 01% urethane \ 

»» 1 0 - 005 % thymol / 

, / 0 - 005 % piperazi ] 

” \ 0 - 005 % urethane 1 

„ + 0-01% oxamcthane 
, [ 0-01% oxamethane 
” \ 0 - 005 % alpha naphthol 


11 days. 


21 

19 

18 


tt 

tt 


35 


»♦ 


16 „ 
35 „ 


As might be expected from a consideration of the 
sensitivity of anti-oxidants to change of conditions, the 
efficacy of a substance varies according to the variety of fuel 
spirit, method of refinement, conditions of storage, &c., so 
it appears necessary to try out any likely inhibitor for some 
particular fuel by a suitaWe laboratory test; the apparently 
erratic results given in the literature of fuel anti-oxidants 
are due, undoubtedly, to the differences in the specific 
character of the fuels, methods of test, and amounts used 
by the various investigators. The two main classes of gum 
inhibitors, namely, the phenols and organic bases, can be 
used together with advantage, the benefit from the mixed 
anti-oxidant often being much better than v^hen either are 
taken singly in the same amount; substances containing 
both the phenolic and amino groups — for example, para- 
amino phenol and mono-benzyl-para-aminophenol — are 
exceptionally efficient as anti-oxidants. 

W. H. Thomas [138,1933] has compared 60 compounds 
of possible value as gum inhibitors with catechol; mono- 
benzyl-para-amino phenol gave a good comparison, also 
para-benzylidine aminophenol and para-benzyl amino- 
phenol, but the latter suffered the disability of causing 
colour development. Colour development was also found 
with beta-hydroxyphenyl, beta-naphthylamine, di-anilinc 
hydroquinone, dibutylamine, alpha-naphthol, and other 
inhibitors. W. H. Thomas is of the opinion that it may be 
necessary to use separate anti-oxidants to prevent the 
deterioration due to both gum and colour formation. 


Oxidants and Anti-Oxidants in Mineral Oils. 

Lubrication failures are as often due to deterioration of 
the oil by oxidation as to any other cause and are not neces- 
sarily due to lack of oiliness; oxidation of a mineral oil up 
to a certain point has often a beneficial action, but when 
sludging and separation of oxidation products begin with 
the tendency to emulsification of the oxidized oil rapid 
deterioration of the oil occurs. It is not surprising, there- 
fore, that much experimental work has been done with 
anti-oxidants in mineral oils with a view to preventing or 
minimizing sludging and general oxidation. The conclu- 
sions reached with oil anti-oxidants are similar to those 
in other fields, namely, that there is a wide divergency in 
efficacy with variations in the kind of oil and with change 
of conditions. Under severe conditions it is possible for an 
anti-oxidant to invert and accelerate oxidation and increase 
sludging by the addition of its own oxidation products to 
that of the oil. 

The deterioration of a mineral oil by oxidation resembles 
the slow combustion of hexane in air, or the gumming of a 
cracked spirit during storage, in so far as there is a fairly 
well-defined induction period during which organic per- 
oxides and other oxidation products tend to accumulate. 
Brooks [22, 1926], Haslam and Frolich [73, 1927], Yamada 


[150, 1931-3], and others who have studied the mechanism 
of the oxidation of mineral oils point out the significance of 
peroxide formation and, in general, the opinion is held that 
the oxidation of oils is an auto-catalytic process, the pro- 
ducts of reaction being the oxidants for the further rapid 
oxidation. 

Haslam and Frolich investigated the action of anti- 
oxidants on the oxidation of a sample of highly refined 
Parke-Davis oil by means of a bubbling method; dry 
oxygen was bubbled at a rate of 10 litres per hour through 
75 g. of the oil at 130° in a glass tube. The development of 
acidity and rise in viscosity were determined. The results 
of some of their experiments are shown in Fig. 4, and it 
will be seen that the action of the various organic sub- 
stances is to prolong the induction period during which 
there is no detectable rise in acidity, whilst, on the other 
hand, iron oxide and copper oxide accelerate the rate of 
deterioration. They found that phenyl isocyanide, para- 
toluidine, 1, 2, 3-xylidine, quinoline, and diphenyl de- 
creased the induction period, whilst aniline, tolidine, 
phenylhydrazine, hydroquinone, and oxanilide were 
without effect. The reaction when once started always 
proceeded at the same or similar rate whether the oxidation 
started at once or had been delayed for a certain length of 
time by the anti-oxidant. A precisely similar behaviour was 
observed by Yamaguchi [151, 1930], who studied the anti- 
oxidant action of diphenylhydrazine, alpha-naphthylamine, 
hydroquinone, &c., on the oxidation of castor oil. 

Yamada and colleagues [150, 1930] in their researches 
used a manometric method for measuring the oxygen 
absorption of oils. They paid special attention to the per- 
oxide chemistry of the oxidation changes since they re- 
garded peroxidation as being the primary oxidation change. 
They found, as other workers have found, that oils, after 
standing, contained organic peroxides and these oils ab- 
sorbed oxygen faster than the new oils and were less 
responsive to anti-oxidants. All the anti-oxidants examined, 
with the exception of hydroquinone, reduced the peroxides 
to some extent within a short time. 

The following substances were found to inhibit oxidation 
in an insulating mineral oil : — mercaptans, isoamyl sulphide 
and other alkyl sulphides, sulphur 01 % (with 0-2% sulphur 
the oil formed more sludge than the plain oil), selenium; 
magnesium, tin, aluminium, and zinc decreased the amount 
of sludge formed, whilst, on the other hand, the amount 
was increased by copper, brass, silver, and lead. Lead, zinc, 
iron, and magnesium tended to reduce the development of 
acidity. 01% tin soaps inhibited sludge formation in a 
Japanese asphaltic base oil and a similar behaviour was 
observed with soaps (2%) of calcium, barium, mercury, 
potassium, and magnesium. Sludging was increased with 
soaps of copper, iron, manganese, silver, and cobalt. The 
oxidizibility of a mineral oil was found by Tuichinin and 
Ivanov [142, 1931] to be increased by the addition of 
naphthenic salts of potassium, sodium, lithium, iron, and 
manganese. 

Chebotar [41, 1934], working on the oxidation of trans- 
former oils at 150° with oxygen under pressure, found that 
many of the usual anti-oxidants were without effect or 
behaved as oxidants although they were effective with 
paraffin (Nujol). With Nujol he found beta-naphthylamine 
effective and to a lesser degree beta-naphthol, alpha- 
naphthylamine, and alpha-naphthol. A beneficial effect 
was also observed with diphenylamine, oleic acid, and 
tetraline. 1 % beta-naphthylamine increased the induction 
time from 12 to 180 minutes, and decreased the amount of 
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oxygen absorbed in mg. per 100 ml. from 590 to 8 ; alpha- 
naphthol increased the induction time to 100 minutes and 
decreased the oxygen absorption to 16. On the other hand 
to transformer oil beta-naphthylamine acted as an oxidant 
and decreased the induction time from 150 to 100 minutes, 
having increased the oxygen absorption from 56 to 68 . 

Interesting information is disclosed in the patent litera- 
ture dealing with the use of anti-oxidants in oils for the 
purpose of minimizing sludging. King [83, 1933] found a 


Small quantities of polymerized styrene or indene have 
been suggested as stabilizing agents in lubricating oil 
(B.P. 379,717); also hydrogenated glyoxalines free from 
strongly negative groups (U.S.P. 1,805,953). 

The anti-oxidants for oils, apart from the metallic com- 
pounds, belong mainly to the phenolic class or are organic 
bases such as the amines, urea, oxamide, aldehyde- 
ammonias, piperazine, hexamine, or ammonia itself. 
Lederer and Zublin [87, 1930] have discussed the problem 



Fig. 7. Effect of calcium ricinoleate (0*5 %) and tin oleate (0-5 %) on the oxidation of a sample of Venezuelan 

asphaltic base red oil at 160'’ C. 


beneficial efiect from the use of lead tetraethyl in mineral 
oils particularly in minimizing the carbonization of the oil 
in the combustion space of an engine. 

A similar beneficial action in paraffin base turbine oils 
was observed by Hatta [74, 1925] from laboratory tests at 
120®C.; lead tetraethyl in amounts up to 0-2% decreased 
sludging and general deterioration. It appears, however, 
that the maximum effect with lead tetraethyl in oils is 
obtained at the high temperatures likely to occur, for 
example, in the combustion space of an air-cooled engine. 

The presence of small amounts of tin and its compounds 
exerts an anti-oxidant effect in oils, delaying rise of acidity 
and formation of sludge. Experiments, the results of which 
are shown graphically in Fig. 7, were carried out by the 
author in a rotating cylindrical glass bulb heated iso- 
thermally in an electric furnace; 2 g. of oil were oxidized 
on the walls of the bulb, and measurements of oxygen 
absorption, sludging, acidity, and viscosity, &c., were made 
from time to time. 

Tin varies in effect with temperature and with the variety 
of the oil, but for some reason, yet unexplained, tends in 
most circumstances to retard oxidation and postpone 
sludging, rise of acidity, and formation of carbon deposits. 

Yamada [150, 1930] has found 0*1 % tin naphthenate to 
be beneficial in transformer oil as an anti-sludge; he carried 
out experiments with various oils heated in beakers at 140° 
for 100 hours with polished metal strips suspended in the oil. 

The anti-sludge action of tin was shared with zinc and 
magnesium. 

Some metak, although they do not retard oxidation but 
might possibly increase it slightly, were yet found by the 
rotating bulb method to have some beneficial action in oil, 
possibly by delaying acidity or altering the course of oxida- 
tion in favour of less sludging; such are chromium, 
mercury, cerium, and possibly magnesium. 


of doped lubricating oils from the standpoint of laboratory 
tests. They direct attention to the fact that in engine trials 
the behaviour of an oil containing say 1 % urea is no better 
than that of the plain oil, although the laboratory tests show 
a considerable improvement in the stability of the treated 
oil towards oxygen. Similarly some turbine oils, which by 
the laboratory tests show greater susceptibility to oxida- 
tion, form less sludge than more stable oils. These 
anomalies indicate that the final judgement regarding the 
worth of an oil anti-oxidant must be reached by practical 
tests in the same way that fuel anti-oxidants must be 
appraised by actual storage tests and anti-knocks by engine 
tests. The sensitivity of anti-oxidants to change of condi- 
tions render the laboratory experiments of limited value, 
although, of course, they serve to indicate likely substances 
and their scope. 

Use of Oxidants in the preparation of Chemical Pro- 
ducts from Petroleum as Raw Material. 

The simple inclusion of oxygen into the paraffin hydro- 
carbon molecule results theoretically, according to the 
Armstrong-Bone hydroxylation theory of hydrocarbon 
oxidation, in the formation of a primary alcohol, which by 
further oxidation passes into the corresponding aldehyde. 

2 CH 4 ^ Oa = 2 CH 3 OH a) 

methane methyl alcohol 

2 CH 3 OH+O 2 - 2H .CHO+HaO. (ll) 

methyl alcohol formaldehyde 

Both alcohols and aldehydes find use in the cellulose, 
synthetic resin, and other industries, so the * fixation* of 
atmospheric oxygen by petroleum hydrocarbons, such as 
methane of natural gas, is an important proposition. 
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Despite the simplicity of the chemical equations, there is 
yet no economically successful manufacture of alcohols and 
aldehydes in this way [23, 1924; 24, 1928; 98, 1932; 
136, 1932]. The chief difficulty is the inertness of paraffin 
hydrocarbons to oxidation; the drastic conditions of oxida- 
tion cause poor yields, the alcohols and aldehydes which 
are formed tending to decompose thermally or to oxidize 
further to water and carbon dioxide. 

Oxidants, such as ozone, nitrogen peroxide, or catalytic 
surfaces are employed in order to avoid high temperatures 
and to increase the oxidation rate. The same oxidants are 
also employed to facilitate the oxidation of liquid and solid 
hydrocarbons such as the residual oils or paraffin wax: 
fatty acids can be prepared from them and in the form 
of metal soaps are employed as detergents and paint driers, 
or in the form of esters as useful solvents and plasticizers 
in the cellulose industry. It is recorded that during the 
War, 1914-18, approximately 6,000 tons of the ethyl esters 
of fatty acids derived from the oxidation of hydrocarbons 
were prepared by Harries’s method of ozonization, and 
these esters were used as food owing to shortage of fats in 
Germany [30, 1934]. The pungent condensate obtained 
from the oxidation of paraffin hydrocarbons is now em- 
ployed in U.S.A. as a spirit denaturant. The sulphonat«:d 
organic acids derived from oil residues by oxidation are 
recommended for use as activating ingredients in insecti- 
cides or as ore flotation or frothing oils. Processes of 
oxidation of petroleum under carefully controlled condi- 
tions are also carried out or are being developed for the 
purpose of stimulating ‘cracking’ of petroleum residues [8, 
1932], of increasing the knock rating of a paraffinic fuel by 
partial oxidation, of obtaining maximum yields of lamp 
black, and of obtaining the useful gases, carbon monoxide, 
hydrogen, acetylene, carbon dioxide (dry ice), &c. from 
natural gas. 

The oxidants used in such processes will be considered 
under separate headings: (a) ozone, (h) nitrogen peroxide, 
and (c) surfaces. 

(a) Use of Ozone. A study of the use of ozone as 
an oxidant in the preparation of formaldehyde from 
methane has been made by Wheeler and Blair [147, 1922], 
Drugman [46, 1906], and earlier workers, but it appears that 
there is little prospect of a successful industrial process 
because of the low yield of formaldehyde obtainable com- 
pared with the large amount of ozone consumed. 

The formation of formaldehyde is claimed when air 
and methane are passed throu^ tubes containing silver 
or copper oxide catalysts under the influence of a high 
tension (80,000-90,000 volts) and a high frequency 
(400,000 cycles) electric field. Conversion yields of from 
26% to 36% are claimed by this method (Marek and 
Hahn [98], p. 184). 

Harries [72, 1909] treated liquid ethylene diluted with 
methyl chloride with 7% ozone-oxygen mixture and was 
able to isolate the normal ozonide which was decomposed 
by water into formaldehyde. A method of preparing 
formaldehyde, using ethylene, ozonized air, and water 
vapour, is claimed in U.S. Patent 1,423,753. Blair and 
Wheeler [14, 1923] passed mixtures of ethylene and oxygen 
containing 3% ethylene through an ozonizer. When the 
concentration of ozone was less than 1 c.c. per litre of 
mixed gases, 90% yields of formaldehyde based on the 
ozone were obtained. Lower yields were obtained with 
higherconcentrationsof ozone. Researcheson theoxidation 
of higher olefines with the use of ozone have been carried 
out by Briner and colleagues [21, 1929]. 
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According to Ger. Patent 344,615, excellent yields of 
formaldehyde and glycol arc obtainable by passing 
ozonized air, mixed with ethylene and a spray of finely 
divided water particles, over contact bodies at temperatures 
between 20° and 100° C. 

Using high pressures both methyl alcohol and formalde- 
hyde are obtainable from methane with excess oxygen or 
ozonized air in the presence of porous non-metallic surfaces 
such as pumice, brick, slag, asbestos, &c. [6, 1922]. 

(h) Use of Nitrogen Peroxides, Chlorine, &c. It appears 
that monatomic oxygen available cither from ozone or 
nitrogen peroxide favours the production of methyl alcohol 
from methane and, because of this, numerous investigations 
have been carried out with the use of nitrogen oxides as 
oxidants. Nitrogenous impurities are, however, an obstacle 
to the development of processes employing nitrogen per- 
oxide as an oxidant. From experiments by Smith and 
Milner [127, 1931] and Layng and Soukup [85, 1928], 
the volume of formaldehyde gas formed was never more 
than the volumes of oxides of nitrogen used. Bibb and 
Lucas [13, 1929] describe experiments on the partial oxida- 
tion of natural gas by air with oxides of nitrogen; for satis- 
factory yields of formaldehyde they found that the gases 
must pass rapidly through the heating zone (less than 
0-5 sec.) at the temperature range 7(X>-750°C. Under 
similar conditions, benzene was found to be oxidized to 
phenol, 5% to 5-5% of the benzene being converted. The 
oxidant action of nitrogen peroxide is considered by Bibb 
to be explicable on a radiation hypothesis; the nitrogen 
peroxide becomes activated by absorption of radiation and 
then reacts to give monatomic oxygen. Frolich, Harring- 
ton, and Waitt [66, 1928] oxidizing methane directly by 
nitrogen peroxide failed to obtain any methanol. Smith 
and Milner suggest that methane first forms a loose com- 
pound with the nitrogen peroxide which then breaks down 
thermally into formaldehyde. 

In the presence of nitrogen oxides the reaction between 
acetylene and oxygen proceeds as a homogeneous reaction 
producing trimeric glyoxal as the major product of reaction 
[89, 1931]. 

Bibb [12, 1932] carried out experiments with propane 
and other hydrocarbons and, by using nitrogen oxides 
with air, succeeded in one treatment of 1,(XX) litres of 
vapour in obtaining a yield of 19-8 lb. of 40% formalde- 
hyde per 1,000 cu. ft. and, under some conditions, as much 
as 16% of the original weight of vapour. 

In U.S. Patent 1,788,799, 13 Jan. 1931, is claimed the 
production of oxidation products from crude paraffin 
hydrocarbons, waxes, and the like, by acting with gases 
containing oxygen and nitrogen oxides in the presence of 
filler bodies with a large superficial area and of a metal 
enolate. It is agreed by most workers that the oxidants, 
ozone and nitrogen oxides, are far more effective than sur- 
face catalysts. A process of oxidation using chlorine as an 
oxidant is claimed in U.S. Patents 1,697,105 and 1,697,106 
by Carmen [34, 1929] and Carmen and Chilton [35, 1929]. 
Carbon dioxide, sulphur dioxide, and sulphur trioxide have 
no oxidant action according to the experiments of Berl and 
Fischer [9, 1923]. 

(c) Catalytic Surfaces. The oxidation of petroleum hydro- 
carbons by air or oxygen, both in the liquid and gaseous 
phases in the presence of catalytic surfaces, is described in 
detail with bibliography by Burwell [30, 1934], Marek and 
Hahn [98, 1932], F. Hebler [77, 1928], Salway and Williams 
[122, 1922] (see also reports on the progress of naphtho- 
logy. /./.P.r., 1933 and 1934). 
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Many of the processes are as yet undeveloped or are on 
a small scale and information is very meagre regarding the 
chemical character of the changes and the general success 
of the industrial undertakings. Burrell [29, 1930] has men- 
tioned the interesting fact that the Empire Refining Co. 
produced daily by their process of oxidizing natural gas 
70,000 gal. of a mixture comprising methanol, formalde- 
hyde, and acetaldehyde. This mixture of oxygenated com- 
pounds was formed as a by-product during a process of 
removing the small proportion of air from natural gas prior 
to transmission through long pipelines in order to minimize 
inside corrosion of the steel. 

Marek and Hahn consider that the wide variety of cata- 
lytic surfaces that have been proposed for the various 


oxidation processes throws some doubt on the real necessity 
for having a specific catalyst present in order to obtain the 
desired reaction rates. Indeed the claim for such a catalyst 
as borax-coated copper (B.P. 321,494 (1928)), makes it 
seem that the chief function of the catalytic surface is to 
distribute or help dissipate the heat generated by the 
reaction and prevent localized high temperatures which 
would jeopardize the continued existence of the desired 
intermediate oxidation product. Some investigators con- 
sider that certain catalytic surfaces favour the formation 
of particular oxygenated compounds, whilst, on the other 
hand, other workers consider that surfaces decrease the 
yield by favouring the formation of water and carbon 
dioxide. 
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The manifest shock occasioned by knocking (detonation) 
led the author and his associates from the first, in agree- 
ment with Dixon and with Tizard, to distinguish ‘knock* 
both from auto-ignition by adiabatic compression and from 
auto-ignition by a hot-spot, and to attribute the pheno- 
menon to the explosive wave discovered by Berthelot and 
Vieille, and to give it the name undulatory combustion 
[2, 1926]. 

A verification of this hypothesis has been obtained by 
so altering an engine that a series of sudden increases in 
cross-section occur along the path of propagation of the 
flame. It is possible in this way to raise the compression 
of a four-cylinder automobile engine from 4-6 to 6*7 using 
a mixture of 77% gasoline and 23% kerosine [3, 1926]. 
This purely physical line of research is thought to be fertile 
and worth following up. But the really interesting point 
was to find out why, after a certain period of regular com- 
bustion, this state of undulatory combustion was set up. 
The first hypothesis consisted in supposing that as a 
result of the regular propagation of flame and the con- 
sequent rise of pressure and temperature, a layer of the 
mixture could at a certain moment be raised to sufficient 
temperature to bum instantaneously, and so set up the 
wave mechanism. 

The facts that increase of initial pressure had only a 
slight influence on the length of run of the ordinary com- 
bustion [8, 1926], and that the presence of lead tetraethyl 
neither modifies the length of the regular combustion, as 
has been shown by Egerton and Gates, nor the velocity 
of the explosion wave [9, 1928], led the authors to look for 
the cause of detonation in a chemical property particular 
to the fuel. It was thought that this might be found on 
the basis of the researches of MM, Moureu, Dufraisse, and 
Chaux, who applied the result of their work on anti- 
oxidants to the problem of knock, and who attributed the 
phenomenon of detonation to the formation of peroxides, 
which they found under certain conditions in an engine 
[15, 1927]. 

At the outset a confirmation was obtained from the 
retarding effect on ignition by anti-knocks [4, 1926], and 
from the fact that the lead tetraethyl diminished the ten- 
dency for pre-ignition [5, 1928]. Owing to the criticisms to 
which this peroxide theory gave rise, attempts were made 
to show quite irrefutably their existence in fuel mixtures. 
First the time scale of the oxidation was altered and by 
progressively heating a fuel mixture in a bomb a pheno- 
menon analogous to that of adiabatic compression was 
produced [11, 1928]. These experiments, made in colla- 
boration with M. Mondain-Monval, showed that a reaction 
set in at 100° C. with a diminution in the number of mole- 
cules, and the products so formed decomposed violently at 
a temperature about 220° C, The addition of traces of lead 
tetraethyl produced a definite lessening of the effect. 

M. Mondain-Monval, continuing these researches with 
M. Quanquin, was able by direct oxidation of fuel at 
atmospheric pressure to produce at about 200° C. appre- 
ciable amounts of peroxides [12, 1929]. The possibility of 
formation of these having b^n thus shown, the attempt 


was made to demonstrate their presence during the ruming 
of an engine by suddenly cutting off the ignition of a single- 
cylinder engine as soon as it was detonating, and driving 
the engine electrically; aldehydes and peroxides were found 
in the exhaust [13, 1931]. Moreover, as it was found from 
these experiments that the peroxides were all decomposed 
at temjjeratures lower than 300° C., the question of what 
would happen if the fuel was first heated to higher tem- 
perature than 300° C. was investigated in collaboration 
with M. Laffitte. MM. Laffitte and Prettre showed that a 
fuel has two ignition temperatures, one about 300° C. and 
the other in the neighbourhood of 600° C. The first dis- 
appeared when the mixture contained lead tetraethyl [10, 
1930]. It was thought, therefore, that if the fuel introduced 
into a spark-ignition engine were to be raised to a sufficient 
temperature the zone of formation and decomposition of 
peroxides might be passed through sufficiently rapidly and 
detonation ought to disappear. This result was confirmed, 
in collaboration with MM. Bonnier and Moynot [6, 1933], 
using a C.F.R. engine running at 650 r.p.m., the coolant 
being at 150° C. As the pressure increased detonation was 
obtained, and if further increased detonation rose in inten- 
sity as the temperature of the walls of the combustion 
chamber increased. The engine then turned over quietly 
and the power diminished. If the ignition was cut off, the 
functioning continued for some time, the temperature of 
the walls rose rapidly, and then back-firing stopped the 
engine. M. Serruys, who has also studied this phenomenon, 
gives it another explanation, namely, that the disappear- 
ance of detonation is due to the fact that the rise of tem- 
perature of the walls causes pre-ignition before top dead 
centre; the combustion cannot then provide high enough 
pressures and temperatures to give rise to detonation [16, 
1933]. 

These various results led the author to consider that the 
variable ignition delay with heavy fuels in injection engines 
should be sought also in the phenomena of oxidation. It 
was shown that the detonating fuels in spark-ignition 
engines are just those which do not produce knock in 
injection engines. The diminution in octane number pro- 
duced by mixing with a given petrol 25% of a certain gas 
oil was investigated using a C.F.R. engine; this proportion 
allowed the engine to run as a spark-ignition engine. A 
number of gas oils were thus classified and the classification 
was found to conform with that of Boerlage and Broeze 
who related the delay in ignition with the cetene number 
[14, 1931]. In fact, the cetene number varies with the 
heptane number [7, 1933]. 

This method has been given effect to by M. Bonnier and 
his collaborators at the National Station of Bellevue: by 
strictly applying the ‘motor method’ of carrying out the 
tests, and utilizing a standard petrol having octane number 
79, an anti-knock value of the fuel is found so much the 
lower as the gas oil possesses a higher octane number. 
The curve shows the correspondence between the octane 
number and the cetene number for a mixture of cetene and 
methylnaphthalene instead of gas oil. It will be noted that 
there is an accurately linear relationship. A difference of 
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one octane number corresponds to & difference of three 
cetene numbers. Such is the precision of the method that 


it allows of the determination of the cetene number with 
the C.F.R. standard engine. 

Summing up, detonation is deemed to be the result of 
undulatory combustion which is translated by means of 
pressure waves liberated by chemical processes; these pro- 


chamber, forming pressure waves. The intensity of these 
pressure waves rapidly diminishes with the distance from 
the source of detonation and diminishes also with the 
number of successive reflections. The velocity of propaga- 
tion of these waves in the burnt gas appears to be about 
500 metres per second for an engine of present-day design 
compression ratio 5-5 to 1 with petrol of 60 octane. These 



cesses are attributed to the production of peroxides which 
act either by exothermal decomposition or by their pro- 
ducts of decomposition causing a lowering of the tempera- 
ture of ignition. Furthermore, there is a relation between 
the role of lead tetraethyl as an anti-knock and its action 
as an inhibitor of oxidation. The peroxide theory has 
shown itself particularly fertile: it led to the prediction of 
results which experiments have confirmed, but it should 
not be supposed that in every case it is the unique cause 
of detonation. There are too many variables that cannot 
be isolated in the running of engines to suppose that a 
phenomenon, however preponderating its importance, 
should be the only one to intervene. 

That being so, a resum6 can be given of the researches 
of M. Serruys which led him to think that the liberation of 
the wave was produced towards the end of the combustion 
by the ignition of a nucleus of fuel under the influence of 
a rise of temperature and of pressure [17, 1934]. This con- 
ception, however, does not appear very difierent from the 
one put forward by the author in 1926 in which it was 
supposed that the wave was liberated after a certain period 
of regular combustion by the adiabatic ignition of a layer of 
the gas. According to M. Serruys, knocking has a certain 
definite physical characteristic (when its intensity is slight) 
which may be stated as follows: at the end of the com- 
bustion a small part of the fuel bums in a very short time, 
usually less than 1/10, 000th of a second [18, 1933], and 
produces a strictly localized high excess pressure (causing 
heating of the gas and therefore of the walls) [19, 1932]. 
The gases which detonate and of which the pressure is very 
high then expand into the other parts of the combustion 


views agree with the hypothesis presented regarding the 
propagation of explosion waves [2, 1926] and with the 
work of M. Jouguet. 

Present Orientation of Research. 

Incontestably, the general use of the standard C.F.R. 
engine has been a considerable advance: a method of 
testing exists where previously there had been none. The 
method can certainly be improved. Moreover, using the 
C.F.R. engine, disagreements have eventuated, particularly 
concerning the classification of aviation fuels. This, how- 
ever, is not surprising. The value of the ‘motor method’ 
from the point of view of the automobile arises from the 
fact that in America the conditions for use of the C.F.R. 
engine were determined so as to obtain the same classifica- 
tion for difierent fuels with those obtained in practice, 
employing many different engines and fuels. It is not sur- 
prising, therefore, that for aero-engines working under very 
different conditions the method does not give exact results. 
The situation is still more complicated when, instead of 
using hydrocarbons derived from petroleum, alcohol and 
benzene are added as in most European countries. These 
difficulties started from the very commencement of the 
employment of the C.F.R. motor and led M. Champseur to 
investigate a different method of finding the suitability of 
fuels for aero-engines. 

As detonation results initially from an over-pressure, and 
as this over-pressure could give rise to increase of tempera- 
ture, it can be realized that at the moment when detonation 
appears the thermal balance in the engine will change, the 
temperature of the walls will rise, and a quantity of heat 
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will pass into the cooling water and a less quantity into 
the exhaust gas. The method devised by M. Champseur, 
which is described in Publications Scientifiques et techniques 
du Ministire de Pair, no. 17, is as follows: 

The mixtures are admitted at the normal throttle- 
opening, with the engine running at constant speed about 
8/lOths of the normal (so as to obtain an appreciable 
detonation without imposing excessive strain on the 
engine) and with a mean temperature of the cool- 
ing water 65 to 70® C. Estimates of detonation are 
made by finding the difierence of temperature between 
the inlet and outlet water, keeping the flow constant. 
The anti-knock qualities of the fuels are compared with 
the heavily detonating basic fuel to which an anti- 
knock ethyl fluid or benzole has been added. Rapid 
determinations are made, having suitably regulated the 
carburettor, (1) of the heating of the water by the fuel 
to be tested, and (2) of the heating curve of the water 
as a function of the proportions of anti-knock added to 
the basic fuel. 

In practice it is sufficient to determine only a portion of 
the curve by observations at two points near together in 
such a way that the extreme ordinates are on either side 
of the ordinate corresponding to the heating provided by 
the fuel to be tested. It is possible so to find the percentage 
of the anti-knock which has to be added to the basic fuel 
to be equivalent to the fuel to be tested, and this charac- 
terizes its anti-knock quality. Actually the method is only 
valid for fuels of similar calorific power. For fuels of very 
diflFerent calorific power it would be necessary to correct 
the rise of the temperature of the water for the total energy 
of the explosive mixture. 

Research at the National Station of Bellevue under 
M. Bonnier is now orientated towards the study of such 
thermal effects which are at least as harmful to an engine 
as mechanical effects. Research is directed towards finding 
whether the method using the bouncing pin gives results 
comparable to the thermal method. It is possible to sim- 
plify the latter in the case of the C.F.R, engine as all con- 
ditions are carefully fixed, and it is only necessary to follow 


the variations of the temperature of a thermocouple placed, 
for instance, at the joint of the bouncing pin. 

There is another difficulty from the practical point of 
view which results from the choice of a reference fuel which 
limits the possibility of using compression pressures to 
those which are possible with a 100% octane fuel. At 
higher octane number than 90 the motor method gives 
uncertain results. An attempt has been made to overcome 
this difficulty by making mixtures with detonating fuels and 
then extrapolating, but the method is sensitive and at the 
present moment does not give any standard. The thermal 
method is preferred. 

Finally, there is another line of work which is going on 
at the National Test Station of Bellevue which has con- 
siderable practical interest in connexion with the employ- 
ment of a given engine with fuels of very high anti-knock 
value [I, 1934]. Up to the present, from the experiments 
made at Bellevue, it has been found that, 

(1) in the zone where detonation is perceptible to the ear 
the temperature of the exhaust increases with the 
anti-knock value of the fuel, other conditions being 
the same, 

(2) the variation is more rapid as the compression ratio 
rises, 

(3) outside this zone, that is to say, when the detonation 
has practically ceased, the temperature of the exhaust 
remains practically constant whatever the anti-knock 
value of the fuel (at a constant richness of mixture), 
and 

(4) the temperature of the exhaust decreases, of course, 
as the compression ratio is raised and the more 
rapidly the less the anti-knock value of the fuel. 

The adoption of a fuel with very high anti-knock value 
does not have the same effect in all engines. For an engine 
which is normally detonating (as for many aero-engines, 
although the detonation may not be audible) the change of 
fuel produces a rise in the temperature of the exhaust. 
With engines less loaded, and little or not at all subjected 
to detonation, the variations of the temperature of exhaust 
are insignificant. 
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METHODS OF KNOCK RATING 

15. MEASUREMENT OF THE KNOCKING CHARACTERISTICS OF 

AUTOMOTIVE FUELS 


By JOHN M. CAMPBELL, B.S., and T. A. BOYD, B.Ch.E. 
Research Laboratories Section, General Motors Corporation, Detroit, Michigan 


When gasoline is burned by explosion in a conventional 
spark-ignition engine, common experience has shown that 
if certain limits of compression pressure are exceeded there 
appears an abrupt change in the nature of the explosion. 
That is to say, the explosion which up to a certain point 
was comparatively noiseless is now accompanied by a dis- 
tinct metallic noise, sounding as sharp as the blow of a 
hammer within the combustion chamber. This noise is 
commonly called knock. 

Although there is still some uncertainty about the physi- 
cal and chemical processes that cause the production of 
the mechanical noise which is generally defined as knock, 
it is a well-established fact that knock is accompanied by, 
or is caused by, a correspondingly rapid rise in pressure. 
This rapid inflammation of the last part of the charge to 
burn is indicated by a sudden transition from the relatively 
slow but orderly flame movement across the combustion 
chamber to what might be pictured as an almost instan- 
taneous inflammation of the remainder of the charge. For 
a more complete discussion of this subject see the article 
on Theory of Knock in Internal-combustion Engines, by 
Beatty and Edgar. 

The intensity of the knock as heard by an observer varies 
with the characteristics of the fuel supplied to the engine. 
Under a given set of operating conditions some fuels knock 
severely, others only lightly, and others not at all. This 
difference in tendency to emit sounds distinguishable to 
the ear as knock is used for grading commercial gasolines. 
The knocking tendency is thus a very real property of 
motor fuels and one upon which the consumer has a con- 
stant check by actual observation in service. For these 
reasons a uniform and accepted measure of this property 
is a practical necessity in the manufacture, the marketing, 
and the use of automotive fuels. The purpose of this dis- 
cussion is to describe the development of the present 
accepted methods of rating fuels for knocking tendency 
and to discuss some problems attendant upon the subject 
of knock rating. 

PART 1. AUTOMOBILE FUELS 
Historical Sketch. 

Prior to the development of the present standard knock- 
testing procedure several different methods of rating auto- 
mobile fuels were in use. The earliest of these were based 
upon the observation of knock in engines by ear. One of 
these was that of Ricardo [38, 1921] in which the knocking 
tendency of a fuel was expressed in terms of ‘Highest Use- 
ful Compression Ratio’, the latter being the highest com- 
pression ratio at which the engine could be operated on 
the fuel in question without audible knock. Another one 
of the early methods involved the form of instrumentation 
known as the bouncing-pin indicator for comparing knock 
intensities between different fuels [34, 1922]. Later a num- 


ber of methods came into use in different laboratories. The 
principal types of these are listed in Table I. With such 
a wide diversity of methods among different laboratories, 
and with the growing importance of an accurate knowledge 
of knocking tendency in the marketing of motor fuels, it 
soon became apparent that there was an urgent need of 
a uniform and accepted knock-testing procedure capable 
of giving reproducible results among different laboratories. 

In response to this demand, a group was formed in 
America early in 1928 for the purpose of developing a uni- 
form knock-testing apparatus and procedure. This group 
was a sub-committee of the Co-operative Fuel Research 
Committee. The Co-operative Fuel Research Committee 
is composed of representatives of the American Petroleum 
Institute, the Automobile Manufacturers’ Association 
(formerly the National Automobile Chamber of Com- 
merce) as represented by the Society of Automotive 
Engineers, and the National Bureau of Standards. In 
carrying out its work this group has aimed to produce a 
method of test which would be universally applicable. To 
this end it was fortunate in having the co-operation of 
similar interested groups in England, France, Germany, 
and Holland. Since the formation of this committee, 
most of the research on knock testing which has been 
carried out in America has been made by members of the 
committee or under their auspices. Accordingly, the dis- 
cussion which follows is essentially a record of the progress 
which has been made by this co-operative organization. 
Although space permits only a brief outline of this work 
to be given here, a complete account may be found in the 
literature in references [5, 1930; 6, 1931; 7, 1932; 8, 1933; 
45, 1932; 46, 1934; 47, 1933; and 48, 1935]. 

Engine, Accessories, and Instrumentation. 

At the time this standardization work was started, it was 
recognized that the first essential to a uniform knock- 
testing procedure was the provision of a standard engine. 
Attempts to rate fuels for knock in simpler and possibly 
more convenient laboratory apparatus, such as in bombs, 
in ignition temperature apparatus, or by chemical analysis, 
had not been successful. The engine which was evolved 
is a single-cylinder, valve-in-head, variable-compression 
engine having a 3i-in. bore and a 4 J-in. stroke. The engine 
is water cooled and is equipped with a three-bowl, variable- 
float-level carburettor and with means for automatically 
regulating the spark timing with changes in compression 
ratio. The power output of the engine is absorbed by a 
form of induction motor-generator which runs at constant 
speed — it operates as a motor to start the engine and as 
a generator to absorb the load and to control the speed 
when testing fuels. No attempt is made to measure the 
power. 

The instrumentation used in comparing knock intensities 
is known as the bouncing-pin indicator (see Table I). In 
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Table I 

Representative Methods that have been used for the Measurement of Knocking Characteristics 


General method and reference 

Procedure 

Knock 

controlled by 

Method of 
measuring 
knock 

Results expressed in terms of 

Variable compression [38, 40] 

Determine compression ratio for in- 

Compression 

Audibility 

H.U.C.R. (Highest Useful 

Bouncing-pin [4, 25, 34] 

cipient knock 

Comparison of knock intensity with 

ratio 

>> 

Bouncing-pin 

Compression Ratio) 
Reference fuels 

Spark advance [39] 

reference fuels 

Determine spark advance for various 

Spark advance 

Audibility 

Index based on knock in- 

Spark advance [10] . 

knock intensities 

Determine spark advance for maxi- 

Spark 

Power 

tensity 

Spark advance 

Diaphragm rupture [27] 

mum torque 

Find time required to rupture dia- 

Compression 

Time required to 

Reference fuels 

Variable throttle [13] . 

phragm of known thickness when 
exposed to combustion chamber 
Determine I.H.P. at various rates of 

pressure 

Throttle 

rupture dia- 
phragm 
Audibility 

»» »» 

Variable throttle [49] . 

fuel flow at throttle setting for in- 
cipient knock 

Determine power at throttle opening 




Variable throttle [30] . 

for incipient knock constant mixture 
ratio, speed, and spark 

Find manifold vacuum at throttle 




Audiometer [23] 

setting for incipient knock at con- 
stant mixture ratio, speed, and spark 
Comparison of knock intensities be- 

Compression 

Audiometer 


Audiometer [41] 

tween test fuels and reference fuels 
Stroboscopic audiometer for com- 

ratio 

Strobophono- 


Temperature plug [21] 

parison of knock intensities 
Comparison of temperature in plug 

f > 

meter 

Temperature of 

f f 

Bomb [28] .... 

located in cylinder 

Rate of pressure rise by optical 

Initial pres- 

plug 

Pressure-time 


Bomb [13] .... 

indicator 

Comparison of rates of pressure rise 

sure 

t* 

curve 

Height of 


Chemical analysis [18] 

in bomb by means of bouncing-ball 
on diaphragm 

Estimation paraffln, naphthene, aro- 


bounce 

Chemical analysis 

Ignition temperature [3, 17, 32, 33, 
44] 

matic, and oleflne content 

Various 

.. 




this instrument a steel pin rests on a thin steel diaphragm 
which is in direct ’•ontact with the combustion chamber. 
When knock occurs the pin is given sufficient impulse to 
be driven upwards, thereby closing a pair of contacts and 
thus causing current to flow in an electric circuit containing 
a hot-wire element. The contacts are adjusted so that they 
do not close during non-knocking combustion. A thermo- 
couple placed near the hot-wire element is connected to 
a millivoltmeter, the reading of which varies with the tem- 
perature of the wire, which temperature, in turn, varies 
with the knock intensity. This millivoltmeter is known as 
a knockmeter and is used, in conjunction with the bouncing- 
pin properly adjusted, for directly comparing the knock 
intensities caused by different fuels [6, 1931]. This instru- 
mentation is in common use at the present time. It does 
not give an absolute measure of knock intensity; it merely 
gives a comparative indication of knock intensity between 
one fuel and another, or between the fuel under test and 
reference fuels of standard knock ratings that are always 
used as a means of making the measurements quantitative. 
Improvements in this form of instrumentation may be 
expected from time to time. Other methods which have 
be^ suggested and which are now under investigation at 
various laboratories involve microphonic pick-up of knock- 
sound intensity or measurement of rates of pressure rise by 
electric pressure indicators (see Table I). 

Fig. 1 is a photograph of the assembled apparatus for 
knock testing in its present form. This apparatus is com- 
plete as illustrated and requires four service connexions, as 
follows: electric current for the power-absorbing unit, 


water for the cooling unit, a drain for cooling, water and 
an exhaust line. 

Reference Fuels. 

A second essential to a knock-testing method is a scale 
for measuring relative knocking tendency. This problem 
was solved by selecting the two hydrocarbons, normal 
heptane and iso-ociam (2,2,4-trimethylpentane), as refer- 
ence fuels, a suggestion made by Edgar [15] in 1927. 
Normal heptane is a hydrocarbon of very low anti-knock 
value and /^(^-octane is one of high anti-knock value; both 
are definite, reproducible compounds having similar physi- 
cal characteristics. Using mixtures of these hydrocarbons 
as reference fuels having standard reproducible knocking 
tendency, the knocking tendency of any given fuel to be 
rated can be expressed in terms of an equivalent mixture 
of /jn-octane and heptane. This is the octane number scale 
of knock rating. As defined in the present official pro- 
cedure [1, 1934-5], the octane number of a motor fuel is 
the whole number nearest to the octane number of that 
mixture of iso-octane and normal heptane which the motor 
fuel matches in knock characteristics when compared in 
accordance with the accepted standard procedure. The 
octane number is defined by, and is numerically equal to, 
the percentage by volume of iso-octane (2,2,4trimethyl- 
pentane) in a mixture of iso-octane and normal heptane, 
used as a primary standard for measurement of knock 
characteristics. Thus, by definition, normal heptane has an 
octane number of zero and wo-octane of 100. 

On account of the relatively high cost of these primaiy 
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reference fuels, it has been customary in general laboratory 
testing to use secondary reference fuels. These have usually 
consisted of stable, straight-run gasolines, one of com- 
paratively high knocking tendency and another of low 
knocking tendency. Mixtures of these have been carefully 
calibrated in terms of octane number directly against hep- 
tane and to-octane. Experience has indicated that in 
making such calibrations it is desirable to use as many 
independent observations as possible and to average the 
results in order to obtain a maximum of precision in the 
final calibration [2, 1933]. Secondary reference fuels which 
have been calibrated in terms of octane number are avail- 
able in America, and information with respect to them 
may be obtained from the Secretary of the Co-operative 
Fuel Research Committee, c/o The Society of Automotive 
Engineers, 29 West 39th Street, New York City. 

Laboratory Procedure. 

A definite and carefully controlled procedure is another 
essential element in a knock-testing method. Precise con- 
trol of test conditions is necessary because knock is affected 
by a large number of engine variables. Some of the out- 
standing ones which have been reported by various in- 
vestigators are : 

1. Compression ratio [38, 1921]. 

2. Throttle opening [30, 1928]. 

3. Engine speed [42, 1929]. 

4. Spark timing [11, 1931; 42, 1929]. 

5. Mixture ratio [11, 1931 ; 42, 1929]. 

6. Mixture temperature [42, 1929]. 

7. Jacket temperature [16, 1927; 20, 1932; 36, 1935; 42, 
1929]. 

8. Intake air temperature [9, 1931; 42, 1929], 

In some of the earlier methods knock was expressed in 
terms of some one of these variables. Thus, as may be 
seen in Table 1, Ricardo determined what was called the 
H.U.C.R. (Highest Useful Compression Ratio), which he 
defined as the compression ratio at which knock just be- 
comes audible in a certain single-cylinder, variable-com- 
pression engine operated at 1,500 r.p.m. Other methods 
based upon such factors as the throttle setting and the 
spark timing at the point of incipient knock are indicated 
in Table I. An outstanding objection to these methods in 
general is that they have not resulted in the degree of 
reproducibility of results between different laboratories 
that is required. Some of them depend upon the evaluation 
of knock intensity by car, a procedure which demands 
careful control of outside noises and prohibits the use of 
more than one engine in a room. Others based on power 
measurements are not sufficiently sensitive to slight differ- 
ences in knock tendency. 

After standardization of test equipment similar to that 
shown in Fig. 1 and the selection of heptane and iso-ocianQ 
for reference fuels, a tentative standard procedure for 
knock testing was drawn up and widely used during the 
years 1931 and 1932 [6, 1931]. Briefly, this procedure in- 
volved the comparison of fuels with standard reference 
fuels in a single-cylinder engine using the bouncing-pin 
indicator as a means of comparing knock intensities. The 
engine conditions specified for this procedure were as 
follows: 

1 . Engine speed 6(X) r.p.m. 

2. Full load (wide-open throttle). 

3. Jacket temperature 212° F. 

4. Spark advance for maximum power. 

IV 


5. Mixture ratio for maximum knock. 

6. Mixture temperature not specified, but no heat ap- 
plied to mixture before entering the engine block. 

7. Knock intensity approximately that obtained by rais- 
ing the compression ratio one ratio above the com- 
pression ratio for first audible knock in a room where 
there are no other engines running. 

The results of co-operative tests showed that from the 
viewpoint of reproducibility this method gave reasonably 
good results. Thus the average deviation from the mean 
for a number of co-operating laboratories in rating samples 
of gasoline directly against the primary standards, heptane 
and /5Y>-octane, was less than one octane number, or the 
equivalent of 1% of /AY>-octanc in heptane [6, 1931]. 

Correlation between Laboratory Ratings and Road 

Ratings. 

Some of the engine variables which influence knock have 
been found to affect the knocking behaviour of different 
types of fuels to different degrees. This fact has given rise 
to a number of problems, the most outstanding of which 
is the matter of correlating road ratings with laboratory 



Fig. 2. Chart showing that, with fuels of different types, knocking 
tendency may be unequally affected by changes in mixture ratios. 
Single-cylinder, variable compression engine. Compression ratio 5-8. 
Spark 30" before top centre. Mixture 55-60" F. Jacket 212" F. 
Speed 750 r.p.m. 

ratings. Road tests indicate that two widely different types 
of fuels which knock alike in one car may have appreciably 
different knock ratings in another make of car or even in 
another car of the same make. This is really what might 
be expected, when it is recognized that knock ratings made 
on the road in different cars may be obtained at widely 
different speeds, spark timings, mixture ratios, and mixture 
temperatures, and that the knocking tendencies of different 
fuels are not affected to the same degree by each of these 
variables. Figs. 2 and 3 show, for example, how mixture 


XX 
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ratio and engine speed, respectively, may affect the relative 
knocking tendencies of two different types of fuel. From 
Fig. 2 it will be seen that at a mixture ratio of 14 lb. of 
air to 1 lb. of fuel, gasoline A 1 was equal in knocking 
tendency to a calibrated reference fuel of 80 octane num- 
ber; but that, at a mixture ratio of 1 1 lb. of air to 1 lb. of 
fuel, the same gasoline was equal in knocking tendency to 
a reference fuel of 74 octane number. Both gasolines 
knocked more at lean mixture ratios, but starting from 
a rich mixture of 1 1 to 1, the knock increased more rapidly 
with the reference fuels as the mixture was made leaner, 
until a maximum was reached at about 14 to 1. 

Fig. 3 shows the effect of speed changes upon the relative 





ENGINE SPEED 

Fig. 3. Chart showing that, with fuels of different types, knocking 
tendency may be unequally affected by changes in engine speed. 
Single-cylinder, variable compression engine. Mixture ratio and 
spark for maximum power. Mixture 55-60® F. Jacket 212® F. 

knock ratings of the same fuels, while mixture ratio is main- 
tained constant at approximately 14 to 1. At 600 r.p.m. 
gasoline A 1 was found to be equal to a reference fuel of 
82 octane number, and at 1,500 r.p.m. to a reference fuel 
of 74 octane number. Both the test fuel and the reference 
fuels decreased in knocking tendency with increasing engine 
speed, as shown by the increasing compression ratio re- 
quired for incipient knock ; but the knock decreased more 
rapidly with the reference fuels. 

These data show why the knock rating of one gasoline 
with respect to another might be expected to vary over a 
range equivalent to several octane numbers with the large 
differences in conditions of engine operation that are com- 


monly experienced in road tests. That such variations 
actually exist has been shown by a considerable amount 
of experimental work. An outstanding investigation of this 
kind was carried out in 1932 under the sponsorship of the 
Co-operative Fuel Research Committee. Representatives 
of 15 different laboratories representing the oil and auto- 
motive industries met at one place and determined repre- 
sentative road ratings of 15 different fuels as obtained in 
a number of different makes of automobiles [45, 1932; 47, 
1933]. 

Some typical road ratings on one fuel included in this 
investigation arc shown in Fig. 4. In this figure the vertical 
bars represent the spread in all ratings reported for each 


CAR NUMBER 



Fig. 4. Road knock ratings of one fuel in a number of different 
makes of cars. Data from 1932 Uniontown tests. 


car, and the solid horizontal bars represent the average of 
what are sometimes called the maximum knock ratings on 
each car. The term maximum knock rating, as applied to 
a fuel, is the rating made at the point of highest degree 
of knock on that fuel in the car in which the rating is made. 
The procedure in which the ratings were thus made at 
this point of maximum knock in each car was agreed 
upon as giving the most significant road rating, and this 
procedure and the results obtained by means of it were 
used in all subsequent correlation work. The range in 
maximum knock ratings for the fuel reported in Fig. 4 was 
from 50 to 70% of ‘C6’ in ‘A 2’ or the equivalent of 
about 5 octane numbers. 

As a result of this extensive co-operative investigation 
the then current laboratory knock-testing procedure de- 
scribed above was modified to produce better correlation 
with the average ratings obtained in these road tests on 
1932 cars. The modifications made in the original labora- 
tory procedure were as follows: 
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1. Engine speed increased from 600 to 900 r.p.m. 

2. Mixture temperature set at 300^ F. (149° C.), the 
regulation being obtained by an electric heating ele- 
ment inserted between the carburettor and the engine. 

3. Spark timing advanced to the following schedule: 

26 degrees before top centre at 5 0 : 1 
22 „ „ „ 60:1 

19 „ „ „ 70:1. 

Features of the original procedure remaining unchanged 
were: bouncing-pin indicator and knockmeter as instru- 
mentation, mixture ratio for maximum knock, and opera- 
tion at wide-open throttle with water jacket at the tem- 
perature of boiling water. 

The degree of correlation between ratings made by this 
modified laboratory procedure and the road ratings ob- 
tained in 1932 cars tested is shown in Fig. 5. Each road- 



OCTANE NUMBER BY A.S.TM. METHOO P-357-33T 

Fig. 5. Correlation between the average ratings obtained in road 
tests with 1932 American cars and laboratory ratings by A.S.T.M. 
Method D. 357-33 T, and I.P.T. Method G. 39 (t). 

test rating represented in this figure is an average of all 
road ratings obtained on that particular fuel. Of course, 
no one fuel was rated in all cars, because in some cars it 
either would not knock at all or it would knock too loudly 
to permit an accurate rating to be obtained. However, 
some of the fuels were rated in as many as 12 cars. 

This modified knock-testing procedure, as thus developed 
by the Co-operative Fuel Research Committee, was then 
adopted by the American Society for Testing Materials and 
later by the Institution of Petroleum Technologists as a 
Tentative Method of Test for Knock Characteristics of 
Motor Fuels, current A.S.T.M. Designation D. 357-36 t, 
and I.P.T. Serial Designation G. 39 (t) [1, 1934-5]. It is 
the method now in general use for the determination of 
octane number. In accordance with the practice of the 
A.S.T.M. and the I.P.T., the method is subject to revision 
from time to time by general consent. Details of the pro- 
cedure, embodying such revisions as may be made in it, 
are given in the current Proceedings of the American 
Society for Testing Materials [lo, 1934] and among the 
Standard Methods for Testing Petroleum and its Products 
of the Institution of Petroleum Technologists [\b, 1935]. 
The A.S.T.M. and I.P.T. procedures are identical except 
for the provision of a correction factor for ratings of benzol 
and alcohol blends in I.P.T. Method G. 39 (x). 

The earlier knock-testing method using an engine speed 


of 600 r.p.m. and no heat on the mixture has since been 
known as the C.F.R. Research method and has been used 
for experimental purposes in conjunction with the present 
tentative standard A.S.T.M. method, for the determination 
of fuel ‘sensitivity’, or to study how much the knocking 
characteristics of fuels arc affected by changes in engine 
conditions [45, 1932; 46, 1934; 47, 1933; 48, 1935]. 

In 1934 a second series of co-operative road tests or car 
correlation tests was made under the sponsorship of the 
Co-operative Fuel Research Committee. The correlation 
between ratings by the tentative standard A.S.T.M. method 
of test and the road tests on 1934 cars proved to be reason- 
ably satisfactory, as shown by Fig. 6. Changes in the 
A.S.T.M. method may be expected, however, in keeping 
with whatever progress is made in this field. A more 

C£ 



OCTANE NUMBER BY A.S.TM.METHOO 0 357-34 T 

Fig. 6. Correlation between the average ratings obtained in road 
tests with 1934 American cars and laboratory ratings by A.S.T.M. 
Method D. 357-34 t, and I.P.T. Method G. 39 (t). 

extensive discussion of the subject of road tests and of the 
correlation between the results of such tests and laboratory 
knock ratings is given in references [47, 1933] and [48, 
1935], and in Article 16. Reference to chapter by R. Stans- 
field. 

Reproducibility of Laboratory Ratings. 

In 1932 5 samples of gasoline were rated in 11 different 
laboratories. The average deviation from the mean was 
0-5 of an octane number, and the maximum deviation from 
the mean was 1-7 octane numbers [8, 1933]. In 1933 a more 
extensive test of reproducibility was made on a series of 
10 samples of gasoline by 19 laboratories located in various 
parts of the United States [24, 1934]. The average devia- 
tion from the mean was about the same as found previously 
[8, 1933], but maximum deviations as high as 3 octane 
numbers were occasionally reported. Deviations of the 
order of magnitude of 3 octane numbers can usually be 
traced to lack of adequate control of test conditions, but 
occasional deviations of from 1 to 1 J octane numbers seem 
to be present even when every reasonable precaution is 
taken in making the tests. There is, therefore, a certain 
amount of experimental uncertainty about any one single 
knock rating. This observation has an important bearing 
upon ratings made directly against mixtures of heptane and 
/j(?-octane, such as might be made in cases of uncertainty. 
In such cases a single rating made even against these 
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primary standards can hardly be considered absolutely 
valid within less than 1 octane number, A more depend- 
able rating will be obtained by averaging several results 
obtained independently by a number of individuals. 

Two factors which contribute to the reproducibility of 
results are: first, the adjustment of knock intensity, and, 
second, the making of a daily check of test conditions. In 
the earlier knock-testing procedure now known as the 
Research method, the knock intensity at which ratings were 
made was specified as one ratio above the point of incipient 
knock. Although this method of adjustment is given also 
in the present tentative A.S.T.M. method [I, 1934-5], it is 
useful only as a very rough approximation. It is necessarily 
approximate because the determination of the compression 
ratio for incipient knock depends somewhat upon the 
judgement of the observer. Several attempts have been 
made to provide a more satisfactory specification of knock 
intensity, but as yet none which is universally satisfactory 
has been found. One method which is widely used is to 
set the compression ratio at 5-3 to 1 and then, with a 
secondary reference fuel of 65 octane number, to so adjust 
the bouncing-pin contacts as to give a knockmetcr reading 
of about 50. This adjustment should result in a clearance 
of from 0 003 to 0 005 in. between the bouncing-pin contact 
points. (The clearance volume of the combustion chamber, 
measured with oil or water, should be 142 c.c. at a com- 
pression ratio of 5-3 : 1.) 

When the initial setting of the bouncing-pin has been 
made in this way, the compression ratio may then be 
adjusted to give approximately equivalent knockmeter 
readings on any particular fuel to be tested, and the 
bracketing with reference fuels may be carried out at that 
compression ratio. The data in Table II, which arc repre- 
sentative for laboratories where the barometric pressure 
is between 28-50 and 30-50 in. of mercury, indicate approxi- 
mately how the compression ratio may be expected to 
vary with octane number in accordance with this proce- 
dure. These data, which are an average obtained from a 
group of 19 different laboratories, are approximate because 
variations of plus or minus two- or three-tenths of a com- 
pression ratio were observed among different engines. 
Some of these variations appear to be characteristic of 
individual engines, and some to variations in barometric 
pressure. 

Table II 


Octane number 

Comp, ratio for rating by 
A.S.T.M. Method D. 357-34 T 

50 

4-90 

60 

515 

65 

5-30 

70 

5-50 

75 

5-75 

^ ti\ 


80 6 10 

At the present time there is no very well-standardized 
practice for testing at high altitudes. However, individual 
organizations faced with this problem have usually worked 
out experimentally suitable modifications of the standard 
procedure to give reasonably satisfactory correlation with 
sea-level laboratories. 

Another method which has been suggested for the adjust- 
ment of knock intensity is to set the knock intensity such 
that a mixture containing 65 parts by volume of wo-octanc 
and 35 parts of normal heptane will be equal in knocking 
tendency to a mixture containing 68 ± 1 parts by volume 
of benzene and 32 T1 parts of nbrmal heptane. This test 


was originally developed as a means of checking the engine- 
test conditions ; but it can also be used as a means of setting 
knock intensity in the sense that if the 65% wo-octane 
mixture is equivalent to 68 % benzene in heptane, then test 
conditions, including knock intensity, may be assumed to 
be standard [1, 1934-5]. It is a common practice to use 
a blend containing 40-50% of benzene in a reference gaso- 
line rated against secondary reference standards as a daily 
check on engine operation. This check serves as a means 
of making an initial bouncing-pin setting and of making 
sure that the equipment as a whole is in good operating 
condition. 

In a co-operative investigation in which 3 commercial 
fuels were rated by 14 laboratories, no consistent differ- 
ences in ratings were found among the three methods of 
adjusting knock intensity named above, i.e. (1) setting the 
compression one compression ratio above incipient knock, 
(2) setting the compression ratio at 5-3:1 for 65 octane 
number, (3) setting knock intensity so that 65% /AY?-octane 
in heptane is equivalent to 68% benzene in heptane. How- 
ever, certain indications have been reported in which knock 
ratings of widely different types of fuel varied with knock 
intensity [43, 1934]. 

It is also well known that certain types of fuels of widely 
different compositions may give equal knockmeter readings 
and yet produce different degrees of knock intensity as 
judged by ear. Hence it is desirable to operate within 
reasonable limits of knock intensity in order that the 
bouncing-pin indicator may operate properly and produce 
results which on the whole correlate with average service 
tests. With either too light a knock or too heavy a knock, 
certain disturbing factors enter into the operation of the 
bouncing-pin and reduce its utility. 

Two precautions in the way of operating technique that 
are important in connexion with reproducibility are: first, 
tests should be made occasionally to make sure that a given 
fuel will produce equal knockmeter readings on each one 
of the three carburettor float-bowls; second, sufficient time 
should be allowed to elapse after changing from one fuel 
to another for the new fuel to come to equilibrium knock 
intensity. The length of the time lag before equilibrium is 
reached may in extreme cases be from 5 to 10 minutes, but 
usually it is not so long as this [31, 1931]. 

Special Problems in Knock Testing 

The A.S.T.M. knock-testing method was developed pri- 
marily as a test that would give results which are in general 
agreement with the average results of road tests of repre- 
sentative present-day motor fuels in current commercial 
passenger-car engines. The application of this method of 
test to fuels outside the range of commercial fuels either in 
knocking tendency or in chemical composition, or to 
engines widely different from current passenger-car engines, 
is open to question unless confirmed by service tests. Even 
among present-day passenger-car engines, exceptional cases 
will be found where exact correlation between laboratory 
ratings and service ratings of widely different types of fuels 
is lacking. The existence of these exceptional cases has 
caused a considerable amount of attention to be given to 
the causes of these exceptions. As was pointed out early 
in this article, knock ratings of one type of fuel with 
respect to another and widely different type of fuel may 
vary with engine conditions. Accordingly, where knock 
ratings made in service in different cars cover a range of 
car speeds between 15 and 50 m.p.h., as well as a range 
of mixture ratios, spark timings, and mixture temperatures. 
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about the most that can be expected of a rating by any one 
method of test, such as the present tentative standard 
A.S.T.M. method, is correlation with average service 
ratings. Individual departures from correlation among 
extreme types of fuels in certain individual cars amounting 
to as much as 4 or 5 octane numbers may sometimes be 
observed. 

The fact that different types of fuels which contain high 
proportions of unsaturated or aromatic hydrocarbons, as 
distinguished from gasolines which are highly paraffinic or 
naphthenic, show different degrees of response in knocking 
tendency to engine variables has made it desirable to have 
some measure of these differences between fuels. One 
measure of this ‘sensitivity’ to changes in engine conditions 
has been obtained by comparison of the knock ratings 
obtained by the original C.F.R. Research method [6, 1931] 
with those obtained by the tentative standard A.S.T.M. 
method [1, 1934-5]. This comparison offers a convenient 
and useful means of obtaining a measure of fuel ‘sensi- 
tivity’ with respect to mixtures of /‘sY;-octane and heptane, 
even though it is subject to certain limitations. One of 
these limitations is that it does not provide for any dif- 
ferentiation in ‘sensitivity’ according to separate engine 
variables, i.e. as to whether the fuel is most sensitive to 
changes in speed, to variations in mixture temperature, or 
to changes in other operating conditions. However, the 
data of the co-operative road tests made in 1934 [48, 1935] 
indicate that, in spite of the lack of differentiation between 
engine variables which is inherent in a comparison of 
ratings made in the laboratory by the Research method 
with those obtained by the tentative standard A.S.T.M. 
method, those fuels which were ‘sensitive’ with respect 
to the reference fuels by the laboratory tests were also 
‘sensitive’ with respect to the same reference fuels in 
actual service tests. Another limitation is that the com- 
parison measures ‘sensitivity’ with respect to heptane and 
/.yo-octane mixtures, and implies that the heptane and iso- 
octane mixtures do not change and that the changes ob- 
served are entirely with the fuel which is rated against these 
two reference fuels. This implication is not strictly true, 
since the knocking tendencies of all fuels are affected by 
changes in certain engine conditions. Accordingly, in 
measuring ‘sensitivity’ by this means it should be recog- 
nized that the results are relative to the reference fuels and 
are not absolute in the sense that they are independent of 
the reference fuels used as a basis for comparison. 

Measurement of knocking tendency directly and irre- 
spective of reference fuels, as was done in the technique 
employed in obtaining the data represented in Figs. 2 and 3, 
is thus sometimes advantageous in obtaining a clear mental 
conception of knocking behaviour. Some of the advantages 
of this method for experimental investigations are: first, 
that knock ratings are expressed in terms of a tangible 
concept, compression ratio, that is widely held among 
engineers; second, that it can be used to follow the be- 
haviour of widely different types of fuels irrespective of 
reference fuels; and, third, that it can be made to cover 
a wide range of fuels. (The disadvantages of this method 
which make it unsuitable for a general knock-testing pro- 
cedure were cited earlier in this article.) Incidentally, 
there are some indications that equal increments of com- 
pression ratio are equivalent to approximately equal incre- 
ments of knock intensity on any part of the compression 
ratio scale between 3 to 1 and 15 to 1 [29, 1934]. That this 
is not true of the octane number scale is shown by the data 
in Fig. 7, which is a plot of compression ratio for incipient 


or just audible knock against per cent, of /jo-octane in 
normal heptane in the C.F.R. test engine when operated 
in accordance with the test conditions specified in A.S.T.M. 
Method D. 357-34 t. This chart shows how the increment 
in anti-knock value per unit change in octane number 
increases more rapidly between 70 and 100 octane number 
than it does below 70 octane number. For example, a 10 

u 



PERCENT ISO-OCTANE IN NORMAL HEPTANE 


Fig. 7. Approximate relationship between octane number and 
compression ratio for incipient knock. Engine operated in accor- 
dance with engine conditions specified for A.S.T.M. Method D. 357- 
34 T, and I.P.T. Method G. 39 (t). 

octane number change between 80 and 90 octane number 
is equal to a difference of 0 60 of a compression ratio, 
whereas 10 octane numbers between 50 and 60 is equivalent 
in anti-knock eflect to only about 0 25 of a compression 
ratio. This figure also shows the comparatively narrow 
range of knocking tendencies represented by present-day 
motor gasolines. 

PART IL AVIATION FUELS 
General Considerations. 

In rating aviation fuels for knock, the tendency of the 
fuel to heat the cylinder and the piston is generally accepted 
as a more important criterion of the suitability of a fuel 
than the tendency to emit audible sounds recognized as 
knock [22, 1930; 35, 1930]. In aircraft engines the operat- 
ing temperatures reached by the parts forming the com- 
bustion chamber are at times not far below the limits for 
safety even with the best of fuels, and so a tendency on 
the part of any particular fuel to cause excessive heating is 
undesirable and can lead to rapid mechanical destruction of 
the engine. There is also evidence that the relative ten- 
dencies of different fuels to heat the combustion-chamber 
walls are not always in accord with their tendencies to 
produce audible knock [22, 1930]. For these reasons, ser- 
vice tests made on aviation fuels at the present time are 
usually based on temperature measurements on some part 
of the combustion chamber rather than on records of 
audible knock such as have been used in testing auto- 
mobile fuels. 

Some typical aircraft-engine data depicting the aviation 
fuel problem as observed in actual service are given in 
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Fig. 8. This figure is a reproduction of some data given 
by Gagg and Losson [19] in a report presented at the 
World Petroleum Congress in London in 1933. The figure 
shows maximum cylinder-head temperatures and brake 
horse-power for various fuels plotted against rate of fuel 
consumption at constant speed and full throttle. These 



Fig. 8, Comparative tests of several fuels. Wright whirlwind 
engine model R. 975 e. Compression ratio 6 0:1, blower 1015:1. 


data indicate the characteristic tendency of the cylinder- 
wall temperature to rise with all fuels as the fuel flow rate 
approaches maximum economy. At the same time, after 
the mixture ratio is made leaner than that for maximum 
power, certain individual fuels have a tendency to produce 
a sharp rise in temperature which is usually accompanied 
by knocking. It is this tendency to produce this distinc- 
tively sharp rise in temperature that determines the relative 
suitability of different fuels in an aircraft engine. This is 
because, if this type of rising temperature is not checked 
either by throttling or by enriching the mixture, it tends 
to produce a cumulative increase in temperature resulting 
in rapid destruction of the engine. 


The problem of rating aviation fuels correctly in a small- 
scale laboratory test-engine becomes, therefore, a matter 
of finding a means of rating fuels in order of their heating 
tendencies in full-scale engines. It is to be noted that in 
this respect the term ‘knock’ rating as applied to aviation 
fuels has a special meaning and does not necessarily bear 
any relation to audible knock in the commonly accepted 
sense. Incidentally, it might be mentioned also that of the 
fuels shown in Fig. 8, all but fuel F had knock ratings of 
80 octane number by a now obsolete method of test. Fuel 
F had a rating of 87 octane number. All of these fuels 
were suitable for this engine under certain conditions, but 
fuels A, B, and C would require careful control of the 
throttle and mixture ratio in order to avoid engine failure. 

Laboratory Rating of Aviation Fuels. 

At the present time several laboratory methods of test 
arc being used for rating fuels in order of their suitability, 
i.e. ‘knock’ ratings, for aircraft engines. In America com- 
mercial aviation fuels arc being rated by the current 
A.S.T.M. Method D. 357-34 t [1, 1934-5], already de- 
scribed in connexion with automobile fuel testing. This 
method has been recommended by the Aviation Gasoline 
Detonation Sub-committee of the Co-operative Fuel Re- 
search Committee pending the development, now in pro- 
gress, of a more thoroughly tested procedure. Experience 
has shown that this method gives a reasonable degree of 
correlation with service tests without departing from 
already standardized equipment and practice [14, 1933]. 
Since it was thought, however, that this method would 
give too favourable ratings on certain types of fuels such 
as benzol blends, alcohol blends, and some cracked gaso- 
lines, the sub-committee has recommended that definite 
octane ratings be applied only to commercial aviation fuels 
which meet the following specifications: 

1 . A freezing-point of not more than — 60° C. (—76° F.). 

2. An acid heat of not more than 20° F. with C.P. sul- 
phuric acid of 1 -83-1 84 specific gravity. 

Another test which is now in use is that of the United 
States Army Air Corps (Air Corps Spec. No. 3566 a). The 
engine used in this test is a modified C.F.R.-A.S.T.M. 
engine. The principal modifications comprise a special 
cylinder having a 2i-in. bore, a sodium-cooled, stellite- 
faced exhaust valve, removal of the intake mixture heater, 
and operation with di-ethylene glycol as a cooling liquid at 
a jacket temperature of 330° F. The engine is operated 
at 1,200 r.p.m., and fuels are rated on the basis of the 
temperatures indicated by a thermocouple placed in a 
‘temperature plug’ which is screwed into a tapped hole in 
the cylinder head. The construction of this temperature 
plug is shown in Fig. 9. 



Leeo^s one/ Norfhrup Iron^Comtantan ThprmocouolQ /Virps, Snonc/eci Insulation. Bore Wire 0065 
Inch in Diameter 

Fig. 9. romtruction of temperature plug in Air Corps specification No. 3566 a. 
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In carrying out this method of test, fuels are matched 
on the basis of observed temperature-plug readings, rather 
than on the basis of knock intensity. A "standard plug 
temperature* is first established. This temperature is that 
obtained when the compression ratio is adjusted to give 
the same temperature with 88% wo-oclane in heptane as 
with C.P. benzene, the carburettor having been adjusted 
previously to produce maximum temperature obtainable 
with each fuel. The test fuel is then compared with iso- 
octane in heptane at the compression ratio at which the 
test fuel produces ‘standard plug temperature’ at the car- 
burettor setting for maximum temperature. The octane 
number of the test fuel is then defined as being equal to 
the per cent, wo-octane in the mixture of fvo-octane in 
heptane which matches this temperature at this compres- 
sion ratio. Particular attention is given in the test to the 
detection of a tendency towards pre-ignition. If the engine 
fails to produce a clean cutting-out on the test fuel wl.en 
the ignition is shut off during the above test, the com- 
pression ratio is progressively lowered until this evidence 
of pre-ignition just ceases. The octane number is then 
determined at this compression ratio and is defined as equal 
to the per cent. f?f?-octane in the /AY;-octane-heptane blend 
which produces ‘standard plug temperature’ at this reduced 
compression ratio, irrespective of the temperature produced 
by the test fuel under these conditions. 


In England the I.P.T. has recommended the current 
method for automobile fuels modified to the extent of 
changing the mixture temperature from SOO"" to ZGO'" F. 
(I.P.T. Serial Designation G. 38a (t) [37a, 1933; 37^, 
1935]). This change was based on tests by audible knock 
of 9 different fuels in 2 full-sized, single-cylinder aircraft 
engines, 1 water cooled and 1 air cooled. It was found 
that a mixture temperature of 260' F. for the C.F.R. 
laboratory testing engine produced results in good agree- 
ment with ratings obtained on the full-sized engines for 
fuels of not above 80 octane number. 

Further developments and more universal standardiza- 
tion of methods of rating aviation fuels are to be expected 
as knowledge in this field increases. At the time of writing 
the current methods of rating aviation fuels are considered 
to be in the development stage. The recent introduction 
of /5a-octane as an aviation fuel [26, 1935] and of /\ya-octane 
plus lead tetraethyl, making commercial fuels higher than 
1(X) octane number [12, 1935], has introduced new elements 
into the picture which have not yet been adequately 
provided for in knock-rating technique. 

The authors wish to acknowledge the assistance of S. D. 
Heron of the Ethyl Gasoline Corporation, Detroit, Michi- 
gan, in the preparation of Part II. 
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16. THE CORRELATION OF ROAD AND LABORATORY KNOCK 

RATINGS OF MOTOR FUELS 

By R. STANSFIELD, A.M.Inst.C.E., M.Inst.P.T. 

Anglo-Iranian Oil Company^ Ltd. 


Limitations to Complete Correlation between Service 

Ratings and Laboratory Ratings of Anti-Knock Value 

of Fuels. 

Early attempts to correlate service data regarding the 
relative knocking tendencies of gasolines and measurements 
of anti-knock value in the laboratory were largely based on 
inadequate service data and have little present-day value. 

They were frequently carried out only on a limited 
number of fuel samples of special interest to the particular 
company making the tests; the number of cars or other 
engines on which these were tested was extremely small; 
the range of engine sizes was often too restricted, and no 
standard laboratory test engine existed by which the find- 
ings of one laboratory could be compared with those of 
another. 

Under these conditions it was found possible to make 
results from almost any laboratory test correlate with the 
service data within reasonable limits, serious divergencies 
appearing only when the range of gasoline types was 
extended by the increasing use of cracked and leaded fuels, 
and when service data obtained mainly from large engines 
was compared with data from much smaller units. 

Starting with the Co-operative Fuel Research engine as 
the laboratory test unit, and expressing the anti-knock 
ratings from this engine in terms of octane numbers or any 
other repeatable reference system, it is usually possible to 
select test conditions which grade any number of fuels in 
the same relative order with regard to knock as obtained 
by service tests on any one type of car engine. 

Such correlation between one set of laboratory condi- 
tions on the C.F.R. engine and the behaviour of one par- 
ticular engine in service should be possible, in the majority 
of cases, to an accuracy of the order of two or three octane 
numbers, and may become the basis for an engine ‘severity 
factor’ to which reference will be made later. 

It is found, however, that if engines of different makes, 
sizes, or types are tested on a series of fuels, or even when 
engines of the same make and size are compared under 
conditions permitting of the normal differences due to 
adjustments, carbon deposits, <&c., that close correlation 
becomes impossible. 

The actual methods used for service tests will be con- 
sidered in detail below, but, assuming a suitable method to 
be available, the spread of results from service tests of 
engines on the road is indicated by the following figures 
taken from the 1934 Uniontown Tests (Veal [1, 1934]). 
The fuel number is given in the first column, the fuel 
types covering a wide range chemically, and including 
straight-run, cracked, and leaded gasolines. The road 
ratings converted to octane number equivalents are given 
for two different cars in columns 2 and 3. Column 4 gives 
the differences between the cars as regards observed 
ratings. 

It will be noticed that the ratings from the second car 
selected for the above example vary from zero to ten octane 
numbers from the first car’s ratings. We are thus faced 
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with the problem of deciding how the laboratory engine 
shall be adjusted. If it agrees with cither of the above 
examples, it will give results in error up to as much as ten 
octane numbers for the other car. It is clear that the only 
reasonable solution of this problem is to take average road 
ratings, and not only the average of two or three service 
types, but of as many as can be tested with as wide a fuel 
type range as possible. Further, the service type engines 
should be selected, since some selection is unavoidable, so 
that the range is typical of the general distribution on the 
road, and proportioned to the gasoline consumption of the 
various sizes. 

The correlation problem is thus reduced to obtaining the 
averages of knock ratings in service for a wide range of fuels 
and engines, and then to the determination of C.F.R. condi- 
tions which give the best agreement with these averages. 

It is inevitable, from the nature of such ratings, that 
laboratory ratings cannot be expected to agree exactly with 
any service type of engine. They may agree within one or 
two numbers with some types and they may differ by as 
much as ten numbers from others. The differences may be 
either positive or negative in sign — they arc not indicative 
of bad laboratory correlation, but represent actual differ- 
ences between the behaviour of different engines in service 
and must be accepted as such. 

Use of the results only from one or two engines to show 
a particular set of laboratory engine conditions to be good 
or bad is illogical and indicates a lack of appreciation of 
the factors involved. 

Another difficulty, particularly affecting international 
standardization, arises from the different distribution of 
engine sizes and fuels in different countries. 

About 75% of gasoline sold in the U.S.A. (other than 
for aviation) is used by private cars and only about 25% 
for commercial vehicles. The commercial vehicles, as a 
class, have engines of average size and type very similar to 
the private car engines, the weighting to allow for the larger 
trucks being only small. In Great Britain only about 35 % 
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of the gasoline is used by private cars for engines averaging 
about 12 H.P. (R.A.C. Rating) and about 65% is used for 
lorries. The average size of the latter is about 21 H.P. 
While the price differential between the lower and higher 
octane number grades tends to divide the gasolines on the 
market between commercial and private cars (the engines 
themselves being designed to suit the different octane 
numbers) there is considerable overlapping, and it is obvious 
that it would be impracticable to have one type of C.F.R. 
test for low octane number fuels and another for the 
higher octane numbers. This means that road tests made 
for correlation purposes for the British market should 
include a preponderance of commercial (the larger cylinder 
capacity) engines in the proportion of about 70‘;(, to 30% 
of the smaller sizes, these figures allowing for the fuel 
consumptions of the two classes. Such tests have never 
been made, but, fortunately, the U.S.A. test results can be 
applied with some confidence since the average size of the 
engines used corresponds very well with what is required. 

The greater range of cylinder sizes used in Great Britain 
for all purposes taken together means that individual 
ratings will vary more from the mean laboratory ratings 
than will be the case for U.S.A. correlation, so that even a 
10 octane number deviation may be exceeded in certain 
combinations of cars and fuels. 

The position in other countries needs to be examined in 
a similar manner with full recognition of the importance of 
securing a fair average of engine types. Any final correla- 
tion is unlikely to be much different from that suitable for 
America and Britain, but progress towards international 
agreement is seriously hindered by lack of appreciation of 
the fact that the laboratory figures are intended to serve as 
a guide for the oil producers to enable them to blend to 
suitable octane numbers, and that they can never, no matter 
what the technique, replace individual road tests which may 
be required to determine the special behaviour of a par- 
ticular engine type on a particular fuel or fuels. 

The Uniontown Tests of 1932, and the Motor Method 

The first organized co-operative road tests were arranged 
by the C.F.R. Committee and took place at Uniontown, 
Pennsylvania, in 1932. At this time the C.F.R. engine was 
distributed through the more important American labora- 
tories and had been used under conditions now known as 
the ‘Research Method’, which included running at the low 
speed of 600 r.p.m. with unheated mixture. It is now 
apparent that such conditions, coupled with the use of an 
engine having the cylinder cast integral with the head, were 
not representative of knocking conditions existing in cur- 
rent private vehicles. The low speed meant that valve and 
combustion chamber wall temperatures remained low, and 
the unheated mixture was not typical of any usable car 
engine, for, without greater heating than was adopted for 
the Research Method, good acceleration would be almost 
impossible in an average design. Special designs might 
operate with cold mixture, but to judge from these was to 
overlook an axiom of correlation — that it must be a correla- 
tion with an average type of engine. The use of evaporative 
cooling in an integral cast head was not more severe than 
normal cooling with an outlet temperature of, say, nO"" F. 
in an engine with a detachable head and of usual design. 

It is not surprising that the first Uniontown tests showed 
that the Research Method conditions were in poor agree- 
ment with road averages. 

Laboratory work following the 1932 tests resulted in the 
adoption, as a tentative standard, of the ‘Motor Method’ 


of test on the C.F.R. engine. The engine was speeded up 
to 9(X) r.p.m., the mixture was heated to 300'" F., and other 
minor changes were made. It should be noted that this 
speed is still below that at which most of the objectionable 
knock occurs in service tests on the road, and, remembering 
also the good cooling qualities of the integral head of the 
C.F.R. engine and the fact that it is distinctly of better 
thermal design than the average vehicle engine, the need 
for a mixture temperature of 300^^ F. becomes understand- 
able. Mixture temperatures measured in vehicle mani- 
folds vary from about 80" F. to about ISO^F. with an 
average of about 120" F. Possibly the entire rise to 3(X)° F. 
used in the laboratory engine may not be justifiable, but 
it does not seem probable that a temperature lower than 
200" F. as a minimum can be adopted, and, if this is con- 
ceded, there is little to be gained from any departure from 
the Motor Method, since the result of such a small change 
only leads to a general rise of octane numbers without 
favouring or punishing any one fuel type by an amount 
sufficient to be of importance. 

Methods of making Road Tests. 

It has been emphasized that the object of road tests is 
to obtain data from each of several cars on a suitable series 
of fuels so that the average results from all the cars may be 
taken on which to base laboratory correlation, but nothing 
has been mentioned of the method by which the road 
results themselves should be derived (Veal [1, 1934]). 

Fig. 1 is a graph showing to an arbitrary scale the knock 
intensity of an engine on the road plotted against the speed 

KNOCK 



Fig. 1. 


in m.p.h. during acceleration on full throttle from 15 to 
60 m.p.h. The results for eight fuels are given, and it is 
clear that almost any method of rating will put these fuels 
in the same relative order. If, on the same car and under 
the same conditions, standard fuels of low and high octane 
number are blended in various proportions (dotted curves) 
and tested, it is possible to obtain ratings in terms of these 
road standards. Laboratory tests may then be made to find 
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the C.F.R. engine conditions which make each of the test 
fuels match the appropriate blend of standards. 

The fuel marked ‘1’ in Fig. 1 starts with a moderate 
knock at 15 m.p.h. and falls to zero knock at 31 m.p.h. 
It is very slightly worse than the blend of reference standards 
containing 70% of the higher octane number reference fuel 
used (shown by the 70 dotted line), but considerably better 
than the 60 blend of standards. Inspection shows it to 
be equal, on the car selected, to approximately a 60% 
blend of the reference fuels. Fuel 4 equals a 48% blend of 
reference fuels, while fuel 16 equals a 73% blend. In this 
particular case it is immaterial whether the rating is made 
in terms of the relative maximum knock intensities at the 
beginning of acceleration, or the average intensity during 
acceleration (‘knock integraP) or the speed at which knock 
is extinguished on the rising speed. The tests might be 
made on a decelerating run up a hill of sufficient gradient 
without material alteration to the results — the absolute 
values of the intensities might change by the alteration 
in test technique, but the relative results would remain 
the same. 

Such data is easy to interpret and no possible errors of 
judgement arise on account of the technician’s special way 
of dealing with his work. 

When cases occur such as those shown in Figs. 2 and 3 
— cases which are not uncommon in practice — it becomes 
very important to consider how far any technically suitable 
method of measuring the knock can be assumed to give 
values which really correspond to the average user’s judge- 
ment of the fuels. 



Fig. 2. 


Until the 1932 Uniontown tests most road knock ratings 
were based on the relative speeds at which knock was 
extinguished as the car accelerated on full throttle, or on 
the relative speeds at which it appeared on deceleration 
uphill. As a technician’s method of rating this proce- 
dure is simple and, under suitable conditions, repeatable. 
A glance at Fig. 2 shows how far it may mislead. Fuel B-6 
in this figure reaches knock extinction at 58 m.p.h. and 


fuel B-A reaches extinction at 54 m.p.h. Reference fuel 70 
(dotted) gives no knock beyond 48 m.p.h. Fuel 5-6, how- 
ever, never knocks really heavily throughout the speed 
range, while BA and 70 C both reach fairly high intensities 
between 30 and 40 m.p.h. 

It will be agreed that most ordinary drivers would prefer 
the rather prolonged but very mild knock of fuel 5-6 to the 
heavy, although abruptly falling, knock of fuels 5-4 and 
70 C during the middle speed range. 

Considerations of this sort led the C.F.R. Committee to 
the decision that the better method for the technical rating 
of fuels on the road was to grade the fuels tested in terms 
of relative maximum knock intensity, or in terms of the 
blends of reference fuels which gave the same maximum 
knock intensity as the samples under test, irrespective of 
the speed at which maximum knock occurred. This method 
of rating, complicated as it always appears to any one who 
has not attempted to use it, is not a difficult one, and the 
curves obtained by plotting intensities against speed range 
give an extremely useful record of fuel behaviour and engine 
idiosyncrasies. 



CAR SPEED M-PM 

Fig. 3. 

The curves of Fig. 3 show, however, that even this method 
cannot be an infallible guide to users* opinions, and unless 
the average user’s opinions are obtained the method is open 
to criticism. Fuel 5-1 in Fig. 3 does not knock at all until 
a speed of 38 m.p.h. is reached, after which the knock rises 
to a maximum at 52 m.p.h. and has not disappeared at 
70 m.p.h. Fuel 5-8 reaches the same maximum at 52 m.p.h. 
with extinction at 64 m.p.h., while fuel 60 (dotted) rises to 
a higher maximum, but falls to zero at 63 m.p.h. 

Driving mainly in town traffic, a user would consider 
fuels 5-8 and 60 to be much worse than fuel 5-1. In the 
open country he would accelerate rapidly through the lower 
speed range and might consider fuel 5-1 the worst. The 
C.F.R. method of rating grades 5-8 and 5-1 the same for 
this test, and 60 is graded only about 1 J octane numbers 
worse. 
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As part of an attempt to make the analysis of the 1934 
Uniontown test results more complete, figures are given 
later for average ratings from many cars based on the 
official method (maximum knock), on the older method by 
which ratings were taken from relative speeds for knock 
extinction, and on an additional method depending on an 
inspection of the areas under the intensity curves (the 
‘ knock integral ’). The last method allows as far as possible 
for the probable average effect on the user of a combination 
of car and fuel which shows abnormal characteristics such 
as knock only at high speeds, double peaks in the knock 
curve, rapidly falling as compared with slowly falling knock, 
&c. It is admittedly only a first approximation, but is 
probably as accurate, if not more accurate, than the other 
methods, and any personal error of interpretation of one 
curve will be cancelled by errors in the opposite direction 
for other curves for the same fuel on other cars. 

This threefold analysis has the added advantage of show- 
ing very clearly that road ratings vary somewhat according 
to the rules laid down for their determination. The rules, 
in turn, depend upon some agreed interpretation of a vari- 
able human factor and so, in final analysis, road ratings 
involve a certain factor of human judgement. This is why 
it is doubtful, in the present state of the art, whether the 
use of sound-measuring apparatus would make the ratings 
any more significant than those obtained with the un- 
aided ear. 

The Use of Reference Standards for Road and Labora- 
tory Tests 

An already complicated problem is still further confused 
by the use of reference standards, although it is difficult to 
suggest a better alternative. 

In order to refer road results as easily as possible to 
laboratory figures, the road tests were made against blends 
of two reference fuels, the lower having a Motor Method 
octane number of about 44 and the higher a number of 
about 77. Blends differing from each other by 10% of the 
higher octane number fuel were tested in each car so that 
the curves obtained for samples could be compared with a 
range of curves from the reference blends selected to cover 
maximum knock intensities from the least discernible to 
the heaviest. It will be noted (Fig. 2) that one of the 
samples gave a curve which cut through the curves for the 
reference fuels in the higher speed range, and, in fact, it 
was known that the reference fuels selected were the nearest 
suitable obtainable approach to octane/heptane standards. 
Had reference fuels been chosen which were more nearly 
the same in character as the average of all the test samples, 
the curves from them would have been intermediate between 
those samples approximating to octane/heptane blends in 
nature and those of the 100% cracked gasoline or the rich 
benzole blend, and the actual ratings on the maximum 
knock basis would have been different in a few cases. The 
differences would not, however, have had much effect on the 
final averages or the proper conditions for laboratory cor- 
relation. 

The use of a high octane reference fuel intermediate 
between the naphthenic C fuel and benzole would have 
been more representative of the average of the fuel samples, 
and this type should receive consideration for future road 
tests, although it would introduce the need for C.F.R. 
calibrations against octane/heptane over a wide range of 
mixture temperatures for the correct laboratory correla- 
tion conditions to be determined. 


1934 Uniontovm Road Test Results and Correlation with 
Motor Method and other C.F.R. Ratings 

It is desirable to summarize the points which must be 
remembered when interpreting the 1934 test results which 
follow. 

(a) The correlation of road and laboratory tests is not a 
correlation of results from one or two typ)es of car or one 
or two types of fuel with laboratory figures, but an attempt 
to correlate the average results obtained from each of a large 
number of fuels on a large number of cars selected to give 
a true average of fuel and car types in use. 

(h) The laboratory method adopted applies to present 
conditions and may have to be altered as car engine design 
changes. Any standardization is, therefore, only tentative. 

(c) The method of interpreting the road test results is 
one adopted as suitable for obtaining numerical values. 
In addition to the C.F.R. official method two other methods 
have been used below. Any of the three methods can, in 
appropriate circumstances, be justified as the most suitable, 
the maximum knock method and the method depending on 
examination of the areas under the knock curves being the 
most useful for indicating the views of users. Neither the 
official nor any other method * should be considered as 
infallible, and study of the differences between the various 
methods emphasizes the approximate nature of any correla- 
tion, and therefore points to the futility of criticism based 
on individual results. 

id) The experimental error of road tests appears to be of 
the order of 4 octane numbers for a given test. This is an 
extreme value and the usual error is probably much smaller. 
The maximum error of the averages for any fuel based on 
tests on all the cars is of the order of 2 octane numbers, but 
this error is unlikely to apply to more than one or two fuels, 
and there is no indication of its direction except in 2 cases 
where the samples approximated to the reference fuels in 
type. 

ie) The official ratings are based on test results which 
had to be repeated to within approximately 3 octane num- 
bers relative rating by an independent group of observers. 
A total of 653 hill ratings was made, and less than 7% of 
these had to be discarded as outside the permissible limits. 
In 6 cases only, where check ratings came outside the 3 
octane number range allowed, the average of 3 ratings was 
taken, the range of the 3 ratings not exceeding 5 octane 
numbers. While these ranges appear large, the inclusion or 
rejection of such ratings has no appreciable effect on the 
grand averages. 

if) The ratings based on knock extinction speeds are 
determined from the curves of knock intensity for each car 
by plotting the speeds at which knock disappeared, or at 
which it reached a suitable low value, against the laboratory 
octane numbers. A smooth curve was then drawn to pass 
equally among the plotted points. The deviation in octane 
numbers was then measured as the deviation of each fuel 
rating point from the mean curve. 

After determining the deviation for each fuel on each car 
for which data was available, the algebraic average devia- 
tion was calculated and the values obtained plotted against 
the C.F.R. test figures to indicate the correlation obtained 
with various methods of laboratory test. 

ig) The ratings based on the general nature of the plotted 
curves of knock intensity, which have been referred to as 
‘knock integrals’, were determined by an inspection method 
which penalized fuels having the same maximum knock as 
the reference fuels, but which gave a knock persisting over 
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a wider speed range, the same method appreciating fuels 
which gave the same maximum knock as the reference fuels, 
but over a narrower or lower speed range. In effect these 
results are comparable with those which would have been 
obtained had the areas under the knock curves been 
measured with the speed base modified to a time base. 
This is probably the most accurate indication of the view- 
point of the user, although any results need to be qualified 
if slow-speed traffic driving and high-speed cross-country 
driving are considered separately. 

{h) The ratings given as level road ratings are taken from 
the Uniontown results without alteration and are based 
on maximum knock intensity only. They refer only to ‘un- 
branded’ fuels. 

0) The Motor Method laboratory ratings are the final 
averages from nineteen laboratories as determined im- 
mediately before and also immediately after the road tests. 
The Research Method ratings are from determinations 
made by seven laboratories, and the ratings at 105'^ F. 
mixture temperature from determinations by one laboratory 
only, using a special mixture heater designed to reduce the 
change-over lag which occurs when the standard heater is 
used at low air temperatures. 


Table II 

Uniontown Test Results (expressed to the nearest octane no.) 


Fuel 

no. 

Max. 

knock 

Hill ratings 

\ 

Extinction j Knock 
speed j integral 
ratings j ratings 

Level 

road 

max. 

knock 

Laboratory ratings 

Motor 

method 

Research 

method 

705° F. 
mixture 

1 

69 

69 

68 


68 

71 

69 

3 

77 

16 

75 


76 

80 

77 

4 

60 

62 

59 


60 

59 

60 

6 

68 

69 

68 


70 

71 

71 

13 

68 

68 

67 


69 

71 

69 

14 

49 




51 

51 

51 

16 

70 

70 

68 


70 

72 

71 

12 

72 

68 

73 

73 

71 

80 

76 

5 

67 

66 

65 

67 

66 

70 

69 

10 

67 

65 

66 

66 

66 

70 

69 

8 

65 

64 

63 

64 

64 

68 

66 

2 

73 

70 

72 

72 

71 

75 

74 

9 

69 

69 

68 

69 

69 

72 

71 

11 

75 

14 

75 

75 

74 

79 

76 

7 

71 

68 

72 

71 

68 

73 

70 

15 

73 

72 

73 

73 

72 

73 

72 


It is obvious from Table II that Research Method ratings 
do not give a satisfactory indication of road behaviour for 
present-day cars, and the ratings with the mixture tempera- 
ture adjusted to 105° F. also tend to be high in many cases. 
If the mean deviations from complete correlation with the 
Motor Method are averaged for the maximum knock, 
extinction speed, and knock integral ratings, it is found 
that the laboratory ratings by the Motor Method arc 0-6 
numbers low, 0-3 numbers high, and 01 numbers high 
respectively, to the first place of decimals. The mean devia- 
tion averaged from all three methods of analysing ratings, 
giving each equal weight, is about 013 numbers, the Motor 
Method giving a low average by this amount. This is, of 
course, entirely negligible when the necessarily approxi- 
mate nature of road tests is taken into consideration. 

Further evidence to show the certainty that no major 
change to the Motor Method is required may be obtained 
by deliberate prepossession in favour of any selected fuel 
by assuming that the car or cars which rate this fuel the 
highest (or, if desired, the lowest) were not used in sufficient 
numbers to be representative of the distribution of such 


cars on the road. For example, it might be assumed that 
there were insufficient cars used of the type which rated the 
benzole blend high (fuel No. 7, see below). If the ratings 
are determined only from the results from the six cars of 
different makes which rated this blend the highest, it is 
found that for no fuel does the final average differ from 
the official rating by more than one octane number. This 
is obviously an extreme and unfair example, but affords 
ample proof that the laboratory method is as typical of 
road results as can be expected. 

With regard to the fuels used, the first eight in the table 
of test results were obtained from manufacturers’ depots 
and were representative of motor fuels sold throughout the 
U.S.A. They differed negligibly in distillation range and 
vapour pressure, chemical type, &c., from fuels sold during 
the same period in Great Britain, but did not include a 
benzole blend or an alcohol blend. The remaining fuels 
were obtained specially for the tests to represent fuel types 
of interest to the oil industry and were as follows: 


Fuel no. 

Type. 

12 

Cracked gasoline. 

5 

Cracked gasoline. 

10 

Fuel 12 blended with a low octane number straight run. 

8 

Fuel 5 

2 

Fuel 10 plus tetra-ethyl lead. 

9 

Fuel 8 

11 

Fuel 5 

7 

Straight run low octane plus benzole. 

15 

California straight run gasoline. 


Study of the test results shows that the only fuel not well 
rated (when all methods of interpreting results are con- 
sidered) by the Motor Method is the benzole blend, the 
laboratory rating being low. Tests made in Great Britain 
show the same order of discrepancy for alcohol and 
alcohol/ benzole blends. The cause of the disagreement is 
not completely understood, but a recent suggestion is that 
it depends on the effect of volatility and the distribution 
of anti-knock material in the fuel in conjunction with 
events in the engine manifold during acceleration. 

While work is proceeding to improve this item of correla- 
tion it has been considered desirable by the Standardization 
Committee of the Institution of Petroleum Technologists 
to permit an adjustment to be made to octane numbers 
of benzole and alcohol blends which will give ratings in 
closer agreement with road averages. This adjustment 
depends on determination by chemical means of the 
aromatic content of the fuels tested, suitable precautions 
being taken to eliminate the risk of the method introducing 
a correction for cracked gasolines, and making a correction 
on the basis of this chemical test. A similar correction is 
also permitted in the case of alcohol blends. Details of 
the method are given in the 1935 edition of the Standard 
Methods of Test of the I.P.T. 

Such methods of adjusting ratings are, clearly, only 
tentative, and it is to be hoped that countries which are 
particularly interested in these special fuels, and which 
may feel the need for further investigation into methods 
for rating them, will bear in mind the importance of 
maintaining an international standard engine and method 
of laboratory test, and endeavour to secure accuracy of 
correlation by attention to instrumentation on the labora- 
tory engine rather than by adopting a different technique 
for the engine itself which will, inevitably, destroy the 
accuracy of ratings for other fuel types much more typical 
of world distribution. 
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Engine Severity Factors 

Since the 1935 Uniontown tests a new method of rating 
car engine performance has been developed. This is known 
as the ‘Engine Severity Factor’ and is a value which is 
supposed to indicate how much a given car engine differs 
from the C.F.R. Motor Method in rating fuels, and how 
far the design is good from the knock point of view 
(Veal [2, 1935]). 

The severity factor is defined as : 

research method rating — road rating 

severity factor^ , Ttrr . — 

research method rating — motor 

method rating. 

If a car rates fuels the same as the Motor Method the 
severity factor becomes 10. One rating equally with the 
Research Method has a factor of 0 0, and a car rating 
midway between the two laboratory methods has a factor 
of 0*5, &c. 

This factor is suggested as being an indication of the 
amount by which a given car engine is open to improve- 
ment, the lower the factor the better the engine. 

There is scope for the introduction of some such value 
for grading car engines, but the proposed formula is only 
valid if the C.F.R. ratings of fuels tend to alter in linear, 
or at least in unidirectional, relation with change of mixture 
temperature. Actually this is not the case. One fuel may 
show a steady increase in octane number from, say, 68 to 
73 between the Motor Method and the Research Method 
conditions, while a second may have a Motor Method 
octane number of 68, an octane number of 75 at a mixture 
temperature of 150° F., and an octane number of only 72 
by the Research Method. 

It was observed at the beginning of the section dealing 
with the Uniontown tests and the Motor Method that tests 
with an unheated mixture and 600 r.p.m. in the laboratory 
engine are not typical of any normal car engine, and thus 
any factor based on Research Method values may be 
entirely misleading. 


If a fuel has C.F.R. ratings which first rise and later fall 
as the mixture temperature is reduced, the proposed factor 
would become zero for either a car engine equivalent to a 
relatively high C.F.R. temperature or for one equivalent 
to the Research conditions (if this were possible). It would 
be negative for an engine equivalent to the C.F.R. at some 
temperature higher than the Research Method, with values 
rising to zero for car engines which were both slightly 
better and slightly worse than this. 

The difficulty might be overcome and a factor developed 
which would be of practical value in connexion with 
grading car engines if C.F.R. temperatures of 300° F. and, 
say, 100' or 150° F. were chosen for the two conditions of 
laboratory test, both tests being made at 900 r.p.m. 

Knock Ratings of Aviation Fuels 

At the time of writing (April 1935) the methods to be 
used for rating aviation gasolines are under re-examination. 
In the U.S.A. the Motor Method values are accepted, pro- 
vided the aromatic content or cracked gasoline content of 
the fuel does not exceed a certain limit determined by a 
chemical test (the ‘acid heat’ test), but no allowance is made 
for the fact that, even though it may be correct to de-grade 
such fuels for certain aero engines, the addition of further 
aromatics, &c., might, if the freezing-point specification 
were still met, give satisfactory fuels. 

In Great Britain the C.F.R. test with a mixture tempera- 
ture of 260° F. is used, other conditions being the same as 
for the Motor Method. 

Further research is proceeding in both countries to 
explore the effect on correlation with service type engines 
of the most recent types. As the information at present 
available does not seem consistent with the adoption of an 
international method for testing aviation gasolines, and as 
later results may modify any conclusion which can be 
reached, it is not intended to enlarge on this aspect of 
knock testing in this article. 
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ENGINE ASPECTS 

17. THE ENGINEERING ASPECTS OF DETONATION 

By C. O. B. BEALE 
Ricardo & Co. {19V) Ud. 


The engineering aspects of detonation can conveniently be 
regarded from three main viewpoints: firstly, from the point 
of view of the designer; secondly, of the operator who is 
interested in the engine’s performance and in the troubles 
caused by detonation; and thirdly, of the testing and re- 
search staff in their work on the test-bench. All these three 
subdivisions are, of course, more or less interconnected, 
but it will probably be easier to follow the arguments if 
an attempt is made to divide the subject in this way. 

Design 

In every engine design, after steps have been taken to 
ensure quietness and smoothness of running, the principal 
aim is directed towards high power output and low fuel 
consumption. In unsupercharged engines, which form the 
vast majority produced to-day, in order to obtain the high- 
est power output it is first necessary to aim at the highest 
possible volumetric efficiency and then to use as high a 
compression ratio as possible without detonation. In striv- 
ing after a low fuel consumption the volumetric efficiency 
has but little influence, and it is the compression ratio 
which is the determining factor. In the case of super- 
charged engines the conditions are rather different, since 
the changes have to be rung between the degree of super- 
charge and the compression ratio, but this special case will 
be considered later. 

It has been said that the highest compression ratio must 
be used consistent with freedom from detonation. This 
needs some qualification, and, in order to determine what 
this qualification is, it is useful to examine the effects of 
raising the compression ratio, assuming that a fuel is used 
which will not detonate in any circumstances. 

As the compression ratio is raised the power output 
rises, but the rate of increase falls and becomes small at high 
compression ratios. There is a gain of 8% between a com- 
pression ratio of 5 : 1 and 6 : 1 ; 6% between 6 : 1 and 7:1; 
and only 4% between 7 : 1 and 8:1. The gain in efficiency 
behaves in the same way and tails off from 9% between 
5 : 1 and 6 : 1 to about 5% between 7 : 1 and 8 : 1. The 
effect on exhaust valves of raising the compression ratio is 
unconditionally good since the exhaust temperature falls as 
the compression, and therefore expansion, ratio is increased. 
The reverse is the case with sparking-plugs, and a better and 
better heat-resisting plug is necessary to avoid pre-ignition 
as the compression ratio is raised. Apart from being more 
expensive, plugs which are good in heat-resisting qualities 
suffer from the disadvantage that they will not so readily 
fire a weak mixture and that they are very prone to oil up. 
The most disadvantageous of all effects of raising the com- 
pression ratio is the rapid increase in maximum cylinder 
pressure. At a compression ratio of 5 : 1 the maximum 
cylinder pressure is about 500 lb. per sq. in., at 6 : 1 it is 
about 650, at 7 : 1 it has risen to about 800, and at 8 : 1 it is 
about 950 lb. per sq. in. 

With the foregoing effects in mind, it is possible to decide 
what compression ratio would be chosen, always assuming 


that the fuel would not detonate. Since the gain in power 
and efficiency at a compression ratio higher than 8 : 1 is 
small, and since the maximum pressures have risen to so 
high a figure, it can be said that it is hardly ever worth while 
to use a higher compression ratio than this. 

In the case of small engines up to about 2i-in. bore, the 
minimum scantlings permitted by foundry and production 
considerations will nearly always mean that the strength 
and stiffness of the parts will be adequate for this com- 
pression ratio of 8 : 1. For large engines of 5-in. to 6-in. 
bore this does not apply, and in order to avoid using parts 
either heavier or made in expensive material, the com- 
pression ratio would be fixed at about 6:1. 

Having decided what compression ratio would be used 
in unsupercharged engines with a non-detonating fuel, the 
question arises as to how nearly this ideal can be approached 
with the fuels available for transport and industrial pur- 
poses, and what steps can be taken in the engine design to 
reduce detonation. 

Some 10 years ago attention was only just beginning to 
be paid to the anti-knock properties of fuels, and at that 
time detonation intervened long before this ideal com- 
pression ratio was reached. For small engines the highest 
compression which could be used was in the neighbour- 
hood of 5-5 : 1 and for large engines not much more than 
4-5:1. Since then there has been a considerable improve- 
ment in fuels, and the corresponding figures are rather over 
6 0 : 1 for small engines and about 5 0:1 for large engines. 
These figures are based on the assumption that the engine 
design is the same, and the greater increase in the per- 
missible compression ratio for small engines is due to the 
fact that the ‘No. 1 ’ fuels have been improved to a greater 
extent than the commercial fuels. It is generally found that 
‘No. r fuels arc used for small engines, since these are 
mostly fitted in private cars : often enough there is a good 
reason for using ‘No. 1’ fuels in private cars, since these 
are often used for short journeys, and a fuel with good 
volatility is desirable to allow the engine to run satisfactorily 
without warming up. 

When a design is being prepared, it is known nowadays 
within close limits what fuels will be available and therefore 
how much help can be expected in that way. Over and 
above this, the anti-knock qualities of the engine will 
depend mainly upon the design of the combustion chamber. 

A great deal of research has been carried out, first to dis- 
cover the factors influencing detonation, and secondly to 
apply this knowledge to improving engine design from this 
point of view. It was thought at one time that turbulence 
of the gases had a large influence upon detonation, but it 
appears now that this is not so, provided that the turbulence 
is of the same intensity throughout the combustion cham- 
ber. It seems to be established that it is the length of flame 
travel from the sparking-plug to the most distant part of 
the combustion chamber which is the deciding factor in 
controlling detonation. 

Once this is realized, it is easy to see why some engines 
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detonate very much more readily than others. The worst 
possible case is probably that of the side-valve T-headed 
engine, with the inlet and exhaust valves in side pockets on 
opposite sides of the cylinder, and with the sparking-plug 
over the inlet valve, and probably the best case is exempli- 
fied by the Ricardo Turbulent head in which side valves 
arc used and in which the combustion chamber is limited 
to the space over the valves and over a part of the cylinder 
bore. The space over the remaining part of the piston area 
is rendered inoperative as far as detonation is concerned 
by allowing only gasket clearance (about in.) between 
the piston crown and the head at top dead centre. The 
sparking-plug is placed nearly in the centre of the top face 
of the combustion chamber — actually with a slight bias 
towards the exhaust valve— and in this way the length of 
flame travel is reduced enormously. 

If it is desired to use overhead valves, the best arrange- 
ment is with a pent-roof head with inclined valves and with 
the sparking-plug at the apex. This is good, but is also 
expensive since it involves the use of two camshafts. The 
more usual method is to have a single row of valves dis- 
posed vertically. If the combustion chamber is made to 
cover the whole of the bore, the length of flame travel from 
the plug at one side must be at least equal to the bore and 
is therefore nearly twice that of the pent-roof type head and 
of the Ricardo Turbulent head. The distance can be much 
reduced by using dual ignition with another plug fitted on 
the other side of the head, but this again is expensive and it 
is necessary to ensure synchronism between the two plugs. 
The overhead- valve engine with a single row of valves can 
be dealt with in the same way as the side-valve engine by 
offsetting the combustion chamber complete with the valves 
to one side of the cylinder bore, and again rendering the 
rest of the cylinder bore inoperative by a small piston to 
head clearance. 

These, then, arc the ways of securing a compact combus- 
tion chamber for side-by-side and overhead-valve engines, 
thereby enabling a higher compression ratio to be used than 
would otherwise be possible without detonation. It is 
found in practice that, by adopting one or other of these 
principles, it is possible to raise the compression ratio by 
rather over 0-5 ratio. 

Although the compactness of the combustion chamber 
has the greatest influence upon the compression ratio 
which can be used, there is a considerable advantage to 
be gained in practice by the use of an automatic advance 
and retard mechanism to control the ignition setting for 
engines which have to work over a wide speed range such 
as in vehicles. Work on the test-bench will show the speed 
at which the tendency to detonate is greatest, and the 
highest compression ratio which can be used at that speed 
when the ignition timing is correctly set for that speed. 
If the compression ratio is fixed so that detonation just 
does not take place at this point, which will usually be 
found to be about half-way up the speed range, any reduc- 
tion in speed will immediately necessitate resetting the 
ignition point and will mean, in a vehicle, continuous 
adjustment of the ignition lever. This would be intolerable, 
and to avoid this it will be necessary to lower the com- 
pression ratio so as to permit of the ignition being con- 
siderably over-advanced beyond the correct setting at low 
speeds before detonation sets in. 

This can all be avoided by the fitting of a speed-controlled 
automatic timing mechanism, which gives the ignition 
timing found correct over the speed range. It is found that 
a compression ratio at least 0*25 ratio higher can be used 
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if an automatic advance is fitted than is practicable with 
manual control only. 

A further most desirable accessory is the combined speed 
and load-controlled automatic ignition timing. At light 
loads the correct ignition setting is considerably more 
advanced than at full load. This can be achieved with 
a manual control only or with a combined manual and 
automatic speed control, but it necessitates setting the full 
advanced position earlier than is required for full load, and 
leaves the driver to retard the ignition as the throttle is 
opened in order to obtain the best power output and to 
avoid detonation. If the contact breaker mechanism is 
suitably connected to the inlet pipe, then the variation in 
depression in the inlet pipe can be made to alter the timing 
and again to follow the correct curve over the load range. 

When everything possible has been done in the engine 
design and with the use of present-day fuels, it is found 
that small engines can use a compression ratio of about 7 : 1 
and large engines about 5-5:1 on fuels of 65-70 octane 
number. 

The actual figure to be used in each case must be settled 
by test-bench and road work, and the methods of doing 
this will be discussed later. 

It is often imagined that the use of a high compression 
ratio necessarily is accompanied by rough running. This 
is not so, but it is liable to occur unless it is understood 
what causes roughness. The fact of the maximum pressure 
being high does not mean in itself that the running will be 
rough, neither is it only the rate of rise of pressure in the 
cylinder which is the controlling factor, but it is rather 
the rate of change of pressure rise from the compression to 
the firing line on an indicator diagram which causes rough- 
ness. The last two effects tend to go hand in hand unless 
precautions are taken. In a side-valve engine with a turbu- 
lent head, the rate of pressure rise can be controlled by the 
area of the communicating passage between the cylinder 
and combustion chamber, and can be kept to a figure of 
about 30 lb. per sq. in. per degree of crankshaft rotation, 
and at this figure the performance will be good and rough- 
ness avoided. In overhead-valve engines the general diffi- 
culty at low compression ratios is to obtain a high enough 
rate of pressure rise, and it is fortunate that this rises of its 
own accord as the compression ratio is increased, and is 
found to be at about the right figure at the compression 
ratios which it is desired nowadays to use. 

So far, then, the case of unsupercharged engines for 
vehicle and industrial use has been considered, and it has 
been shown that, even with the best modern design and 
present-day fuels, it is detonation that limits the com- 
pression ratio that can be used, and that the power and 
efficiency is reduced by at least 5% below that which could 
be obtained without the employment of special materials 
or stronger components. 

In the case of supercharged engines it is not possible to 
evaluate simply the loss in performance which must be 
accepted owing to detonation. Whereas, in unsupercharged 
engines, the compression ratio is fixed after the best possible 
breathing has been obtained, the reverse is the case when 
a supercharger is fitted. The compression ratio is settled 
first of all in the interests of fuel economy and heat flow, 
and as much supercharge is applied as is allowed by the 
anti-knock quality of the fuel. 

A concrete case will illustrate and evaluate the inter- 
relation of supercharge and compression ratio. A fuel is 
chosen which will allow an engine to be run unsupercharged 
at a compression ratio of 6T : 1 with a certain intensity of 
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detonation. The fuel is changed for another with a higher 
anti-knock value which will allow the compression ratio 
of this engine to be raised to 7 : 1 with the same intensity 
of detonation. The gain in power in this case is 6%. If the 
compression ratio is left at the original figure of 6 1 : 1, and 
advantage is taken of the better fuel to supercharge the 
cylinder, it is found that, on the same engine, the intake 
pressure can be raised to 4 lb. per sq. in. above atmospheric 
before the same intensity of detonation is reached. This 
gives an increase in power of 36%, without taking into 
account the power absorbed to drive the blower. 

This example makes it very clear that an increase in 
intake pressure is far more effective than raising the com- 
pression ratio in its effect on power output if a better fuel 
is available, and similarly, for a given fuel, a high super- 
charge and a low compression ratio will give the highest 
power. 

It is also found that the maximum cylinder pressures 
increase much less rapidly in proportion to the gain in 
power if a high supercharge is used rather than a high 
compression ratio. On the same engine referred to above, 
when use was made of the better fuel to raise the com- 
pression ratio while keeping the intake at atmospheric 
pressure, the maximum pressure rose from 660 lb. per sq. 
in. at a compression ratio of 6*1 : 1 to 780 lb. per sq. in. at 
7 : 1 for an increase in power of 6% . When the compression 
ratio was unaltered and the intake pressure increased, the 
maximum pressure rose from 660 to 920 lb. per sq. in. for 
an increase in power of 36%. 

It is therefore clear that a high supercharge and a low 
compression ratio are beneficial as regards power output 
and maximum cylinder pressures, also as regards sparking- 
plugs which will not have to be of such a high heat- 
resisting quality as if a high compression ratio and low 
supercharge were used. But this leaves two factors of 
major importance which will be adversely affected — fuel 
consumption and exhaust valves. If use is made of a better 
fuel to increase the intake pressure while leaving the com- 
pression ratio unaltered, the specific fuel consumption 
remains practically unchanged. It will decrease slightly 
due to greater mechanical efficiency if no account is taken 
of the power absorbed by the blower, and may again be 
slightly better due to improvement in distribution in a 
multi-cylinder engine, but these sources of improvement 
will almost certainly be more than offset by the blower 
loss. 

The heat flow, and therefore distress, to the exhaust 
valves will increase as the intake pressure is raised, and the 
combination of a high supercharge and low compression 
ratio will render frequent overhauls necessary or may so 
shorten their life that the engine becomes of academic 
interest only. 

There are thus two conflicting factors, and the com- 
pression ratio must depend upon the use to which the 
engine is to be put. If a short life does not matter, and fuel 
consumption and reliability are of no consequence, it can 
be low ; if, on the other hand, reliability is vital and economy 
and long periods between overhauls is of first importance, 
then it must be high and the supercharge and therefore 
power output curtailed accordingly. 

In aircraft engines the compression ratio generally chosen 
is between 6 : 1 and 7 : 1. A few years ago detonation set 
the limit to the amount of supercharge that could be 
applied, but lately the anti-knock values of aircraft fuels 
has increased to such an extent that in some cases the limit 
is now set by heat flow to parts as pistons. 


Detonation as affecting the Operator 

Dealing firstly with transport and industrial engines, it 
can be said that detonation is only objectionable in that it 
offends the ear in its early stages, and in that it will turn into 
pre-ignition if it is allowed to persist with any but moderate 
intensity. In such engines, which arc of comparatively low 
duty, detonation will not cause damage to the engine parts. 

It is very noticeable that the noise caused by detonation 
varies with different types of engines. In engines with over- 
head valves the noise generally takes the form of a high- 
pitched tinkling knock, whereas in side-valve engines it is 
deeper and lacks any musical note. The explanation is 
probably to be found in the relative stiffness of the two 
structures which will produce a different sound when 
struck by the detonation wave. It is also very noticeable 
that when detonation takes place in a turbulent head the 
noise is more violent than in the conventional side-valve 
head. It is suggested that, owing to the compact form of 
the turbulent head, a comparatively large amount of gas 
detonates as compared with thin layers lying about in odd 
corners in a conventional type head. 

The addition of benzole to petrol is well known to im- 
prove the anti-knock value of the fuel, and on road vehicles 
it is often credited with more than its true worth. On an 
ordinary petrol, detonation will start almost immediately 
the throttle is opened wide if the conditions are suitable, 
whereas on a benzole mixture, which will give the same 
intensity of detonation under steady running conditions, 
there is a considerable delay in the building-up of detona- 
tion to its steady intensity. The time taken to reach the 
maximum value may be anything up to 10 seconds or more, 
and in this time the hill may have been surmounted or the 
obstruction passed and the driver will not have heard any 
detonation. This delaying action of benzole is not noticed 
when testing fuels in the laboratory for anti-knock value, 
since all conditions are allowed to become stable before 
readings are taken. 

The use of lead tetraethyl is now very common to raise 
the detonation point of fuels. At one time there was strong 
evidence that it had a detrimental effect upon the engine 
parts, particularly the exhaust valves, but it appears that 
damage was only caused when the design was faulty. At 
the present day there is no need to fear harm to the engine 
from the small quantities of lead tetraethyl used in fuels 
ordinarily available. 

In high-duty engines such as are used in aircraft, 
detonation is a very serious matter, and may completely 
wreck the engine if allowed to persist for more than a very 
short time. The intensity which can be tolerated or the time 
for which it may be allowed to persist varies with different 
engines and has to be determined experimentally. The 
observed effect on pistons and cylinder heads is a pock- 
marking of the surfaces in the initial stages, and, when more 
severe, the surfaces arc burnt or eroded and, in the case of 
a piston, will cause seizure. 

Detonation on the Test-bench 

In considering detonation in relation to design, it was 
shown that an approximate estimate could be made of the 
compression ratio which could be used. The precise flgure 
must be determined on the test-bench and subsequently 
confirmed in actual service, particularly in the case of 
vehicle engines where the air temperature under the bonnet 
and the degree of carbonization cannot exactly be foretold. 

First of all the speed must be found at which the tendency 
to detonate is the greatest, and this will be generally at a 
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speed slightly below that at which maximum torque is 
developed. The optimum ignition advance must then be 
found by taking a series of torque/ignition curves at speeds 
around that at which maximum detonation is expected. 
These torque/ignition curves show the rise or fall of engine 
torque with various settings of ignition timing, and are 
taken on full throttle, at constant engine speed, and with 
a fuel which will not detonate even when the timing is 
advanced considerably beyond the setting giving maximum 
torque. The timing should be advanced and retarded 
beyond the optimum by about 15 to 20"", so that there is a 
definite fall in torque from the maximum. The timing 
giving maximum torque can thus be very accurately found 
for each speed, and the optimum ignition advance curve 
drawn covering the speed range in question. 

A fuel is then chosen which will detonate if the ignition 
is advanced beyond the optimum setting, and a curve of 
ignition timing, at which detonation reaches a certain 
intensity, is also plotted and compared with the optimum 
timing curve. It is clear that, where these two curves 
approach most closely, there is the least latitude for over- 
advance and that therefore at that speed there is the greatest 
tendency to detonate. 

The engine is then run on the fuel which will be used in 
service, and another torque/ignition curve taken at the 
worst speed and the ignition setting advanced until 
detonation sets in. If the compression ratio is too high, 
it will be impossible to reach the optimum timing, and the 
power output will never reach the maximum. If too low 
detonation will not set in until the ignition has been ad- 
vanced considerably beyond the position giving maximum 
torque on the non-detonating fuel used in the first instance. 

If the turbulence is adequate, it is found that there is a 
range of about 5 "" on either side of the optimum ignition 
setting over which the torque is at a maximum. It is clear, 
then, that the highest compression ratio which can usefully 
be used is one which will just avoid detonation with an 
ignition retarded just far enough still to maintain maximum 
torque. 

The advantage of an automatic ignition control mechan- 
ism, which will both accurately follow the optimum ad- 
vance curve over the speed range and advance the timing 
at light loads, has been discussed, and if this is adjusted to 
give a timing just sufficiently retarded still to maintain 
maximum torque, the compression ratio discussed above 
could be used without the necessity for any adjustment 
by the driver while the engine was clean. To allow for 
carbonization, the compression ratio must be lowered, and 
it should be lowered by an amount which will just avoid 
detonation when the thickness of the carbon layer has built 
up to its maximum amount. This amount can only be 
determined experimentally. 

When speaking of the performance of an engine either 
as regards its maximum torque which is usually expressed 
in lb. per sq. in. brake mean effective pressure or its 
maximum power in B.H.P. per litre, it is only too often that 
no mention of the fuel is made. A certain performance, 
even if the compression ratio is specified, means very little 
if the fuel is not known, since it is the anti-knock quality of 
the fuel which limits the performance. If an engine is 
reported to give a torque of, say, 125 lb. per sq. in. B.M.E.P. 
without specifying the fuel, very little information is con- 
veyed as to whether the design is good, bad, or indifferent, 
but if it will give this output on a commercial grade fuel it 
is good indeed. It follows from this that a comparison of 
the excellence of any two engines is fully covered if the 
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power, fuel consumption, and quality of fuel are stated. It 
is not even necessary to specify the cylinder size, since it is 
found that the gain in efficiency, due to the higher com- 
pression ratio possible with smaller cylinders, is just offset 
by the higher heat loss. It has been found that the fuel 
consumption at the most economical mixture strength on 
present-day commercial fuels of a large number of engines 
of equally good design with cylinder sizes varying from 
250 c.c. to 1,500 c.c. is 0-45 pts. per indicated h.p. per 
hour {=0-26 litre per 1 h.p. per hour). 

Even nowadays pre-ignition is often confused with 
detonation. Pre-ignition is the igniting of the charge by 
some hot point other than the spark, and is generally done 
by an overheated sparking-plug electrode or an exhaust- 
valve head. It may be mentioned in passing that it is a 
popular belief that ragged pieces of metal in the combustion 
chamber, such as the end of the sparking-plug threads, will 
become incandescent and cause pre-ignition, but it is found 
in practice that this is very seldom, if ever, the case. 

Pre-ignition is really a special case of the general prin- 
ciple, the charge being ignited by some agent other than the 
spark. The temperature of the exhaust valve on full load 
is nearly always above the self-ignition temperature of the 
charge, but ordinarily the time element prevents self- 
ignition taking place before the spark has passed. Nearly 
every engine will continue running for a period spasmodi- 
cally at idling speed if the ignition is switched off when the 
engine is running on full load, and this is so simply because 
there is a comparatively long time for the charge to be in 
contact with the hot surface of the valve or sparking-plug. 

The combination of temperature and engine speed may 
be sufficient to fire the charge at the running speed later 
than the normal time of ignition by the spark, and in these 
circumstances the engine will continue running with the 
ignition switched off but at a reduced power output. An 
appropriate increase of temperature will cause self-ignition 
to take place at the same time as the spark passes, and, in 
this case, the engine will continue running at the same sp>eed 
and developing the same power whether the ignition is 
working or not. A further increase in temperature will 
cause this self-ignition to occur before the spark has passed, 
and it is this which is pre-ignition and which is therefore a 
totally different process to detonation. 

The two are, however, to some extent interconnected, 
in that persistent heavy detonation may so heat up the 
sparking-plug or exhaust valve that pre-ignition will result. 
Again, pre-ignition may cause detonation in exactly the 
same way as too early an ignition timing; in fact, it is 
probably this sequence of events which has led to the con- 
fusion between the two separate phenomena. Pre-ignition 
is always silent, indeed it must be so from a consideration 
of its cause, but it may be accompanied by a heavy knock, 
which is a detonation knock caused by the too early ignition, 
and it is often this heavy detonation knock, occurring 
suddenly without preliminary slight detonation, which 
indicates that pre-ignition is taking place. 

It is difficult to define the intensity of detonation which 
can be allowed before the power is aflected, because no 
satisfactory method of evaluating the intensity of detona- 
tion has b^n devised which is applicable to all engines (see 
Art. 15). In a variable compression engine, that is to say, an 
engine on which the compression ratio can be varied while 
the engine is running, the tolerable intensity of detonation 
can readily be found by the point at which the increase in 
power, by raising the compression ratio, on a fuel which is 
detonating starts to diverge from that realized on a non- 
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detonating fuel. On an engine of fixed compression ratio 
this can only be determined by using various fuel blends 
which give different degrees of detonation, and by com- 
paring the power in each case with that obtained on a fuel 
which does not detonate. It can be said generally that slight 
detonation will not lower the power output, and that it has 
to reach a moderately heavy intensity, such as is extremely 
obvious to the ear, before this happens. 

The same thing applies to the cooling water temperature. 
Slight detonation will not increase the heat loss to tne cool- 
ing water, and it is found that the intensity has to become 
great enough seriously to lower the power output before a 
measurable effect upon temperature of the cooling water 
is recorded. 

It may be well to summarize briefly the conclusions 
reached. 

Summary 

Design. 

1. Principal aim is high power output and low fuel con- 
sumption. Power is controlled by volumetric efficiency and 
the compression ratio, fuel consumption by compression 
ratio alone. 

2. Assuming that the fuel will not detonate, the com- 
pression ratio which would be chosen for unsupercharged 
engines is about 8 : 1 for small engines and 6 : 1 for large 
engines. 

3. With the fuels commercially available, detonation pre- 
vents these compression ratios being used for transport and 
industrial purposes. With present-day fuels, compression 
ratios of rather over 6 : 1 can be used for small engines and 
about 5 : 1 for large engines if the cylinder head design is 
conventional and if manual control only is provided for the 
ignition timing. 

4. Combustion chamber shape greatly affects detonation. 
Length of flame travel is the important consideration. This 
can be shortened in side-valve engines by offsetting the 
combustion chamber as in the Ricardo Turbulent head, and 
an improvement made in overhead-valve engines in a similar 
way. A compact combustion chamber achieved in this 
way will allow the compression ratio to be raised by about 
0-5 ratio as compared with a conventional type of head. 

5. If the ignition advance is automatically controlled 
both by speed and load, a further increase in compression 
ratio of about 0*25 ratio can be used. 

6. If these two factors are incorporated in the design, 
small engines can now use a compression ratio of about 
7 : 1 and large engines about 5-5:1 on fuels of 65-70 
octane number. 

7. Roughness of running docs not necessarily accompany 
the use of a high compression ratio, but may do so unless 
the causes of roughness are understood and precautions 
taken. High maximum pressures do not cause roughness, 
but it is the rate of application of pressure which matters. 

8. For supercharged engines and with a given fuel, a 
greater power output is realized with a low compression 
ratio and high supercharge, but fuel consumption and 
reliability suffer. For aircraft engines a compression ratio 


of 6 : 1 to 7 : 1 is chosen, in the interest of economy and 
heat flow, and a moderate supercharge used. 

9. An experiment is recorded showing the comparative 
effects of making use of a certain fuel of higher anti-knock 
value, firstly by raising the compression ratio with no 
supercharge, and secondly by applying supercharge with the 
compression ratio left unchanged. For equal intensity of 
detonation the gain in power by supercharging was 36%, 
and by raising the compression ratio was 6%. 

Operation. 

10. In transport and industrial engines, detonation is 
objectionable only because of the noise and because it may 
lead to pre-ignition. 

11. Noise caused by detonation varies with different 
types of head. 

12. Benzole added to fuel causes a delay in the building- 
up of detonation to the steady intensity. Lead ethyl 
nowadays causes no damage to engine parts in the small 
concentrations commercially used. 

13. Detonation in high-duty engines, such as for aircraft, 
is very serious and may wreck the engine in a few minutes 
by causing seizure. 

Test-bench. 

14. Correct compression ratio is determined by 
torque/ignition curves. Correct ignition advance is first 
found over speed range with non-detonating fuel, then 
the speed is determined at which detonation is greatest, 
next the compression ratio is adjusted so that correct 
ignition advance can just be used at that speed with no 
detonation with the fuel to be used in practice. 

15. Comparative performance of any two engines is fully 
covered if power output, fuel consumption, and quality of 
fuel are stated. Statements of performance mean very little 
if fuel is not specified. Fuel consumption remains unaltered 
with different cylinder sizes if the compression ratio is 
adjusted to give the same intensity of detonation. 

16. Pre-ignition is totally different from detonation, but 
the two are interconnected. Pre-ignition caused by the 
charge being ignited by some hot point before the spark 
passes. Detonation may cause pre-ignition by heating up 
the sparking-plug electrodes or the exhaust valve. Pre- 
ignition is always silent, but may cause a detonation knock 
from the same cause as a too early ignition timing. 

17. No satisfactory method of evaluating detonation 
applicable to all engines has been devised. In a variable 
compression engine, the permissible intensity before the 
power is affected can be determined by comparing the 
increase in power by raising the compression ratio on a fuel 
which detonates and one which will not. On fixed com- 
pression engines the only way is to use fuel blends giving 
various degrees of detonation, and to compare the power 
output of each blend with that given by a non-detonating 
fuel. Generally speaking, a moderately heavy intensity is 
necessary to affect the power. 

18. Effect of detonation on heat loss to the cooling water 
is negligible until detonation becomes heavy. 
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Oil shale and its richer varieties — cannel coals and tor- 
banites — are rocks which contain organic mattei that on 
heating yields petroleum-like oils. They are widely dis- 
tributed throughout the world and are generally regarded 
as important future sources of supply of hydrocarbon oils. 
For many years they have constituted the raw materials 
for small but locally important industries in Scotland, 
France, and Australia. 

To produce oil from oil shale, the shale is mined, 
usually by methods similar to those used in mining coal, 
crushed or broken to a size suitable for further handling, 
and charged into a retort where heat is applied. At suffi- 
ciently high temperatures, in the absence of oxygen, the 
organic matter in the shale, commonly called kerogen, 
breaks down or decomposes — a process known as de- 
structive distillation or pyrolysis — and changes into oil, 
gas, and fixed carbon. From the crude shale oil, products 
closely resembling those commonly produced from petro- 
leum can be made by distillation and refining processes 
similar to those used in refining petroleum. The gas pro- 
duced in retorting is combustible and its yield and heating 
value may be sufficient to furnish all the fuel needed for 
the retorting process. The fixed carbon usually remains in 
the shale residue — spent shale — ^although in some retorting 
processes the carbon is burned in the retort or converted 
into fuel gas by the same type of reaction used in making 
water gas from coal. The spent shale usually has no com- 
mercial value, although in some countries it is reported to 
be suitable in chemical composition to be used as a raw 
material in cement manufacture. Generally, however, spent 
shale is simply a residue which must be disposed of as 
waste material. 

The production of shale oil is thus comparable in many 
respects with many of the low-grade ore-mining industries 
of the world, in that a large weight and volume of raw 
material must be mined to obtain a relatively small per- 
centage of a concentrate for final refining into useful 
articles of commerce. Also, as in the low-grade ore in- 
dustries, after the valuable material has been recovered as 
a concentrate, a large amount of waste remains to be dis- 
posed of. To produce shale oil in economically important 
quantities, the same general types of organization and 
operation are required as are used in these metal mining 
and refining operations; a highly efficient organization 
amply staffed with skilled scientists and technicians, and 
a large-tonnage handling of a raw material, each ton of 
which yields but a small amount in quantity or value of 
concentrate or finished commodity. 

General Nature and Distribution of Oil Shales 

Since cannel coals and torbanites usually occur in de- 
posits that are small and economically unimportant except 
in a purely local sense, the outline below is confined 
mainly to those oil-yielding materials usually known as oil 
shales, deposits of which are widely distributed through- 
out the world and have been reported in the sedimentary 
strata of almost every country. 

Generally, but not always, the better oil-yielding shales 


are brown or black in colour, break with a conchoidal 
fracture, and give a dark-brown streak. As a rule they are 
somewhat flexible or elastic, and the mineral matter is fine 
grained and usually free from grittiness. The richer shales 
usually resist weathering to a remarkable degree. Most oil 
shale is finely laminated, a property best noted in the spent 
shale, or on the surface of weathered exposures, but usually 
seen distinctly when sections of the raw shales arc examined 
microscopically. In most deposits thin layers of rich 
and lean shale alternate; the layers of different richness 
probably represent alternating periods of rich vegetable 
growth followed by water overflow and sedimentation. 
The oil yield from different shales ranges from a trace to 
as much as 150 gallons per ton — the latter from some of 
the rich canncls and torbanites. 

Much has been written concerning the occurrence and 
nature of oil-shale deposits in different parts of the world, 
although most attention has been paid to those deposits 
which yield oil in notable amounts. Little comment has 
been made on the much larger quantity of more widely 
distributed deposits of materials which are true oil shales 
but yield only small amounts of oil. 

The following brief summary includes only those shale 
deposits which have been worked commercially for the 
production of oil or which have been studied extensively 
in anticipation of the time when they will be commercially 
utilized. For more complete presentations with extensive 
references, the reader is directed to the work of McKee 
and his associates [13, 1925] and to an earlier publication 
of the writer [9, 1924]. 

The Scottish oil shales have constituted the raw material 
for an important industry which began in 1850 and has 
continued to the present. The material first worked was 
a rich cannel coal or torbanite which yielded up to 130 
gallons per ton, but this deposit was soon exhausted and 
leaner shales were then used. In recent years the average 
yield of oil was approximately 25 U.S. gal. per short ton. 
The Scottish deposits of importance are in a well-defined 
field, in West and Mid-Lothian, south of the Firth of Forth 
and mostly west of Edinburgh, the centre of the field being 
about 12 miles west of that city. These shales form part 
of the calciferous sandstone series at the base of the Car- 
boniferous system, and yield an oil of good quality, low in 
sulphur, from which a complete range of petroleum-like 
products and excellent grades of paraffin wax have been com- 
mercially manufactured. The seams of oil shale, some 20 
of which have been mined at different times, range in thick- 
ness from 3J ft. to 8 or 10 ft. and are generally persistent 
but of varying thickness, and grade into lean or barren shale 
laterally. The seams are interstratified with ordinary car- 
bonaceous shales (‘blaes’) which contain little or none of 
the characteristic organic material of the oil shales. The 
shale-oil industry of Scotland is fully described elsewhere 
in this work. 

The more important oil-shale deposits of Canada arc in 
New Brunswick and Nova Scotia, and these have been 
extensively studied by governmental and private agencies. 
In Albert County, New Brunswick, about 1860, a retorting 
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plant was built and for several years shale oil was produced, 
refined, and used in New Brunswick and Nova Scotia. The 
competition of natural petroleum products terminated this 
work, and there has been no subsequent commercial shale 
oil production in this country. 

The oil shales or torbanites of the Capertce and Wolgan 
Valleys of New South Wales, Australia, occur mostly in 
lenticular patches in the upper coal measures of Permo- 
Carboniferous age and were commercially worked from 
1865 until recent years. Yields as high as 128 U.S. gal. 
of oil to the short ton have been reported, and much of 
the rich material was exported or used locally for gas- 
making. Here, again, a once-flourishing industry has been 
forced to suspend operations by the competition of low- 
cost imported petroleum. 

The important oil-shale deposits of France are at Buxiere 
and Saint Hilaire (Allier) and at Autun (Saone-et-Loire). 
The first shale oil produced, of which there is definite 
record, was made from the Autun shales at least as early 
as 1839. The French shales yield from about 12 to 26 
U.S. gal. of oil per short ton. The largest retorting plant 
is at Autun in the centre of a well-defined field having an 
area of some 250 sq. km. The shales are of Permo-Carboni- 
ferous age and in places contain large quantities ol plant 
and fish remains. Because much of the organic matter in 
these shales can be removed by solvents and hence is not 
‘pyrobituminous’, many writers do not regard these as true 
oil shales. 

The oil shales of Esthonia, occurring in Palaeozoic de- 
posits principally along the Gulf of Finland, in recent years 
have constituted the raw material for a rapidly growing 
industry. Pulverized shale has been used as a coal sub- 
stitute as well as a source of oil. The industry in this 
country is covered in detail elsewhere in this work. 

Within the past few years Japanese interests have been 
producing oil from the oil shales which overlie the coal 
deposits of Fushun in southern Manchuria. The oil yield 
is low, but since the shale must be removed in open-cut 
mining to reach the coal beneath, the cost of mining 
chargeable to shale oil production is small. 

Before petroleum was discovered in Pennsylvania, nu- 
merous plants in the United States and Canada produced 
oil from shales, cannels, and bituminous coals. For several 
years the rich torbanitic Stellaritc of Nova Scotia was 
exported to the east coast of the United States for gas- 
making and the production of oil. This early industry did 
not survive the discovery of inexpensively produced petro- 
leum, and though many attempts have been made to estab- 
lish commercial shale-oil production in difterent parts of 
the United States since 1915, none have succeeded. Enough 
experimental and large-scale development work has been 
done, however, to demonstrate that under favourable eco- 
nomic conditions the extensive oil-shale deposits of the 
country can supply very large quantities of oil as a substitute 
for petroleum. 

The oil-shale deposits of the United States of probable 
greatest economic importance are those of the Green River 
formation of Eocene age which occurs in the States of 
Colorado, Utah, and Wyoming. These deposits contain 
thin seams which yield up to 90 U.S. gal. of oil to the short 
ton, while over an extensive area a total thickness of 35 to 
40 ft. will yield an average of 35 gallons per ton. The shales 
vary greatly in richness within a relatively small vertical 
distance; in places a thin rich seam abruptly changes above 
and below into shale containing little organic matter. In 
other parts of the deposit there is a fairly gradual increase 
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in richness over several feet, and then a similar gradual 
decrease to a lean or barren shale. 

Other deposits of possible economic importance occur 
in Nevada and Montana, and there are extensive deposits 
of black shales in the eastern States — mainly Illinois, Mis- 
souri, Indiana, New York, Kentucky, Ohio, Pennsylvania, 
and Tennessee. The black shales occur mostly at one 
general horizon in the Upper Devonian — with some in the 
Lower Devonian and Ordovician — and usually in thick 
seams. In general, the oil yield is low, few samples yielding 
as much as 25 U.S. gal. per ton, while the average yield 
of the commercially workable seams is much lower. 

The Origin of Oil Shales 

The art of distilling bituminous or pyrobituminous shales 
to produce petroleum-like oils was known certainly as early 
as the last decade of the seventeenth century. In 1694 
Eelc, Hancock, and Portlock [8, 1694] distilled ‘oyle from 
a kind of stone’, and as early as 1681 a patent [2, 1681] 
was issued for the manufacture of pitch and tar from coal. 
The ‘kind of stone’ of Eele, Hancock, and Portlock was 
very possibly oil shale, but nothing of commercial impor- 
tance came from these early eflbrts, the oils produced being 
used mostly for medicinal purposes. In passing, it may be 
mentioned that the early stages of exploitation of oil shales 
in most countries, even in recent times, have been marked 
by the ‘discovery * of remarkable healing properties of shale 
oil. Since oils distilled from most shales have pungent, and, 
to most people, disagreeable odours, it is not difficult for 
the credulous to believe that they must have valuable 
medicinal properties. 

The shale oil industry really began commercially in 1838 
with the perfection of a refining process by Selligue [16, 1838], 
and the production of shale-oil products in France has 
continued from that time to the present. The better-known 
Scottish industry apparently originated independently of 
the French developments when James Young [19, 1850] 
regarded as the father of the Scottish industry, in 1850 
patented his process for obtaining paraffin and oil contain- 
ing paraffin from bituminous coals. When Young developed 
his process he intended to use a canncl coal, rather than 
what would now be called a bituminous coal, and in the 
Great Exposition of 1851 he exhibited products from the 
canncl coal of Boghead, near Bathgate, Linlithgowshire. 
This Boghead cannel was a small deposit, and by 1862 it 
had been practically worked out. Meanwhile, during a 
trial famous in British legal history [10, 1854-7], the court 
coined the term ‘Torbane Mineral’ for the Boghead cannel 
from its occurrence in the estate of Torbanehill, and this 
term soon became shortened to torbanite. The suit arose 
from a lease entered into between the proprietor of the 
estate and his mineral tenants which gave the lessees the 
right to work the coal on the property at a fixed royalty 
rate. As its value as a source of oil became generally 
known, the price commanded by the torbanite increased 
rapidly, and the lessor attempted to obtain a greater royalty 
for the mineral on the ground that it was not coal but a 
different material referred to as ‘bituminous eiirth’ and 
other indefinite names. The jury decided that, regardless 
of scientific evidence presented by some fifty witnesses, for 
the purposes of the lease the material must be regarded as 
coal. The decision was actually on a legal point and 
scientific evidence was virtually disregarded, although it 
was mostly to the effect that torbanite was not a coal. 

From these beginnings the oil shale industry grew and 
flourished in Scotland, where it still exists althou^ operating 
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on a smaller and less profitable scale than in the early 
years of the twentieth century. Shale oil has been produced 
in commercial quantities in many countries, particularly in 
France and Australia, and more recently in Esthonia, but 
through the two centuries that have elapsed since Selligue 
patented his process, no sharp line of demarcation has been 
drawn between a coal and a shale, or between oil shales, 
cannel coals, and torbanites. Actually oil shales grade 
imperceptibly into ‘barren shales’ on the one hand, and 
into the torbanites or cannels on the other, and an origin 
common in general, though different in detail, may logically 
be attributed to all three. 

Conacher [5, 1917] states that ‘oil shales and torbanites 
form a group of materials which have in common the 
characteristic that on distillation they yield a product con- 
sisting of paraffin and olefins, and this feature is the source 
of their industrial importance’. According to Ashley [1, 
1918], the line between a coal and a shale has never been 
sharply drawn, and he suggests that material that yields 
less than 33% of ash be considered a coal. Thiessen [18, 
1921] writes that ‘a shale is generally defined as a rock 
formed by the consolidation of clay, mud, or silt, having 
a finely stratified, laminated or fissile structure. When such 
a rock contains organic matter, it is termed carbonaceous 
or black shale, when the matter is of a bituminous nature 
it is called bituminous shale, and when rich in bituminous 
substances, yielding oil and gas on distillation, it is called 
oil shale.’ 

Many investigators, including the writer, have suggested 
that true oil shales arc those from which only a small 
amount of the organic matter can be extracted by the usual 
solvents for petroleum. However, many of the shales com- 
monly regarded as true oil shales yield organic matter fairly 
readily to such solvents as acetone and chloroform — some 
50% of the organic matter of certain typical Colorado oil 
shales may be extracted from the shale by carbon tetra- 
chloride or carbon bisulphide, although the extract is not an 
oil but rather closely resembles the so-called primary product 
of thermal decomposition of oil shale. Other investigators 
have privately informed the writer that with many shales 
solubility seems largely to be a surface phenomena — that 
solubility increases with decrease in particle size of the 
sample extracted. On the other hand, many oil shales are 
definitely almost insoluble in such solvents, apparently 
independent of particle size, and this is true of the typical 
oil-yielding shales of Scotland. It is probable that solubility 
of itself is not a means of classifying a material as a true 
oil shale, and in view of the extreme variation in the 
probable sources and original composition of the organic 
material in oil shales — in which term the writer includes 
bituminous shales, black carbonaceous shales, canneloid 
shales, cannel coals, torbanites, and kerosene shales — dif- 
ferences in solubility and other properties are reasonably 
to be expected. 

Many investigators have offered evidence to explain 
various modes of origin of oil shales, and much of the 
evidence and many of the theories are conflicting. Unques- 
tionably different conclusions have often been reached 
because different investigators worked with different shales, 
and much more study must be done before the various 
theories can be satisfactorily resolved. In general, however, 
there are two schools of thought, one holding that an oil 
shale is the remains of a petroleum deposit or oilfield, and 
the other that oil shales originated in the deposition of 
vegetable material with more or less silt or mud in quiet 
waters near shore lines and the subsequent alteration of 


the material due to decomposition and the lithification 
of the inorganic parts of the shale. 

Microscopic examination of oil shales from all parts of 
the world shows that they are composed, in various pro- 
portions, of: 

(1) Inorganic or mineral matter, such as argillaceous 
material, sand grains, pyritc crystals, and the like. 

(2) A usually yellowish, brown, or dark opaque struc- 
tureless ‘groundmass’ of organic material. 

(3) Small carbonized or partly carbonized fragments of 
plants — often showing cellular structure— small 
spores, pollen, portions of the plant protective skin 
or bark. 

(4) Yellow or reddish yellow, more or less spherical 
bodies considered by various investigators as algae, 
spores, spore cases, grains of resin, or globules of oil. 

(5) Parts of the skeletons and scales of fish — sometimes 
a beautifully preserved complete skeleton — shells of 
small crustaceans, and the more resistant parts of 
insects. 

It is generally held that the yellowish bodies and the dark 
groundmass are the sources of oil obtained by distillation, 
that these arc probably of vegetable origin, or are petro- 
leum as such or in some altered form, and that animal 
matter has not appreciably contributed to the oil-yielding 
material. The fact that little real oil can be extracted by 
the usual solvents for petroleum seems to preclude the belief 
that the yellowish spherical bodies are petroleum as such. 

Microscopic study shows that the proportions of these 
constituents vary greatly with diftcrent shales. The organic 
part of the torbanitc of Scotland consists almost entirely 
of the yellowish spherical bodies, while in many of the rich 
oil shales of the Green River formation in the United States 
the organic material is largely the formless opaque ground- 
mass. All degrees of gradations exist between these two 
extremes with the typical oil shales of Scotland having an 
organic structure in which the yellow spherical bodies pre- 
dominate. 

Investigators in general agree that the mineral matter of 
most oil shales was deposited in fresh-water swamps or 
lagoons, but there are many theories as to the source of the 
oil-yielding material. 

Bertrand and Renault [3, 1892] believe that the tor- 
banites were composed of accumulations of microscopic 
gelatinous algae, which were preserved from complete de- 
composition by an antiseptic solution, possibly derived 
from their own decay, and that the antiseptic solution is 
now represented by the opaque organic matter of the shales. 

Jeffery [11, 1914] disfavours the algal theory and sug- 
gests that the supposed algae are deeply sculptured coats 
of the spores of vascular cryptogams. 

Steuart [17, 1912] concludes, from his own work and 
that of previous investigations, that ‘oil shales may there- 
fore be composed of (1) vegetable matter which has been 
made into a pulp by maceration in water and preserved by 
combining with salts in solution . . .; (2) rich materials of 
many kinds, such as spores, which nature has provided 
with means for protection against decay; and (3) a propor- 
tion of animal matter.’ He also concludes that oil shale 
‘ may be considered a torbanite containing a larger propor- 
tion of earthy matter from its original deposition or is 
simply a torbanitc which has deteriorated with age*. He 
gives this reason tor the variations in the organic matter: 

‘In accounting for the differences between different 

shales and between shale, torbanite, &c., we must re- 
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member that during the deposition of the sediments, as 
the lapse of time was very great, the climate must have 
varied to some extent, and the algae and plankton 
generally of the lagoon must have changed also, together 
with the shore vegetation producing pollen, spores, and 
seeds. The differences and varieties might have arisen 
from changes in the proportion of, or nature of, the 
humus, the spores, and the animal matter. And there 
are also the modifications produced by age, and the 
different conditions to which they have been subjected 
during their long history in the earth, such as warmth 
from depth or from proximity to intruded igneous rock.* 

Scheithauer [15, 1913] believes that ‘a large number of 
marine animals perished on certain occasions’ possibly the 
result of volcanic eruptions, and states as evidence that 
the Scottish shale deposits have been shown to belong to 
the volcanic region, 

Robertson [14, 1914] gives as his conclusions that ‘there 
is little resinous matter in oil shales, and that the organic 
matter is a decomposition product of vegetable matter, of 
a nature like that found in peat and cannel coal, . . . and 
produced by a definite combination of external conditions*. 

Davis [7, 1917] writes as follows regarding the micro- 
scopic studies he was making at the time of his death: 

‘It is clear that the structureless material of the Green 
River shales probably originated in a collection of plant 
debris which has, by decomposition and the activities of 
bacteria and other microscopic organisms, passed into 
a jellylike phase, which is to be found in certain kinds 
of peat deposits. The plant remains that have been found 
characterizing the shales from every locality from which 
they have been examined (Green River formation) arc 
those of microscopic algae mixed in small percentage 
with pollen and similar parts of higher plants. Animal 
remains have been very rare in the material studied, and 
those noted were chiefly of insects in a very fragmental 
state. 

‘It seems apparent, therefore, that the study of the 
microscopic structure of these shales, as seen in vertical 
and horizontal sections, leads to the conclusion that the 
material was laid down originally in water, and that it 
passed through a scries of stages of decomposition before 
consolidation and lithitication had taken place. The 
remarkably well-preserved state of the delicate plant 
structures which have been examined indicates very slight 
disturbances of the original material and an almost entire 
lack of changes produced by the action of metamorphos- 
ing agencies since lithification.’ 

Cunningham-Craig [6, 1916] advances the theory that 
an oil-shale field may be considered as the relics of a 
former oil field. That is, oil formed in argillaceous deposits 
from vegetable debris has migrated into porous beds, and 
if any argillaceous beds of sufficient absorptive capacity 
exist in the vicinity of oil rocks, they will gradually absorb 
and adsorb the heavier and unsaturated hydrocarbons, 
and by their smaller porosity, especially if capped by 
impervious beds, will protect the adsorbed liquid from 
displacement by lixiviation, while inspissation is gradually 
modifying the petroleum in the direction of kerogen. 
Cunningham-Craig also believes that torbanite, &c., differ 
from oil shale in origin, and says that the former may be 
considered an incipient form of petroleum developed, 
adsorbed, and inspissated in situ. 

The late David White (private communication 1926) 
believes that the groundmass is composed of products of 


the more or less complete biochemical decomposition of 
plant and animal matter, which is first held in colloidal 
solution in the water but later, under pressure of super- 
imposed strata and incipient alteration, it becomes gradu- 
ally solidified into a dense residue which surrounds and 
cements the detritus. The resinous or waxy outer coverings 
(exines) of spores and pollen grains of different kinds and 
from all orders of plants are also present. These are very 
resistant to decay in water, and occur in all shales and coals. 
Similarly resistant to decay and usually present in oil shales 
are portions of the skin or bark of plants that are cutinized 
through the secretion of horny, waxy, resinous or resin-oily 
matter. White subscribes to the theory that the yellow 
bodies are algae and states that these algae may be 
entirely absent, or scattered among the spore exines and 
cuticles of canneloid layers of coal or in canncls, or they 
may have been present and preserved in such great num- 
bers as to constitute the greater part of the organic matter. 
He states that the bogheads, richest of all the oil-shale 
series, are made up almost entirely of such algae. Also 
sometimes present in considerable quantity are fragments 
of resin of different kinds, which were concentrated in the 
deposits by the decay of resinous wood. Occasionally small 
fragments of the more resistant woody tissue of plant or 
tree are present as shreds or ragged pieces impregnated 
by the groundmass or as fragments of so-called ‘mineral 
charcoal* or ‘mother of coal’ (fusain). 

Thiessen [18, 1921], after a preliminary study of a Scot- 
tish shale and of Devonian shales of Illinois, Indiana, and 
Kentucky, concluded: ‘. . . that the oil shales, as far as 
examined, do not contain oil as such, but that the oils 
derived from them are derived from organic matter con- 
tained in them. All the identifiable matter consists of plant 
matter or plant degradation matter. No animal matter has 
been recognized. The larger part of the organic matter 
consists of spores, the proportion of spores varying in 
different shales and in different strata of the same shale. 
A considerable amount of cuticular matter and some 
woody degradation matter is also present, but little or no 
resinous matters have been recognized.’ 

He also says that the Scottish shale is very similar to the 
Devonian shales of the eastern part of the United States. 

‘While the same kind of constituents comprise this 
shale, they are present in somewhat different propor- 
tions. . . . The shale also contains a slightly larger number 
of larger resinous-appearing dark-brown bodies of a 
roughly rounded shape. The larger spores, of which 
there are several kinds, are of different form and sculp- 
turing, and hence are of different species than those of 
the Illinois shale.’ 

Conacher [5, 1917], following the examination of some 
200 microsections of various Scottish oil shales, concluded 
that the animal remains have not contributed to the oil 
yield. The yellow bodies of the organic matter are a charac- 
teri.stic feature in nearly all the materials which yield oil 
comparable with that from the shales of the Lothians of 
Scotland. These yellow bodies are associated with opaque 
amorphous matter in varying proportions, and the greater 
the percentage of yellow bodies the higher is the yield of 
the oil, while as the proportion of opaque matter becomes 
larger the greater is the specific gravity of the oil produced 
by distillation. To this the writer adds the observation that 
the solubility of the organic matter of the shales in petro- 
leum solvents generally increases with the proportion of 
opaque material present in the shale. Conacher states that 
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in the shales of the Lothians the typical opaque matter is 
absent and is apparently replaced by carbonized vegetable 
fragments. He Sieves that this material yields the tarry 
products of distillation, some paraffins, and perhaps the 
bulk of the nitrogenous compounds. The yellow bodies 
are the source of the typical shale products. 

Conacher, after discussing the various theories of the 
nature of the yellow bodies, concludes that these bodies 
are simply grains and fragments of resin, and that the sup- 
posed cell structures are merely the effects of the physical 
and mechanical processes of geology. 

He cites the experimental evidence of many investigators 
in support of his conclusions that oil shales and torbanites 
are derived from the same mother substance as coal ‘by 
the action of natural processes which segrate the resultant 
resin portions and alter them dynamically’. The altered 
resins yield paraffins and olefins, while the remains of the 
cellulosic parts of the vegetable matter yield products 
more characteristic of coal tar. He believes that the oil 
shales of the Lothians ‘accumulated as the widespread 
mud-flats of an estuary, and apparently the river which 
carried the mud brought also a proportion of extremely 
macerated vegetable matter, and the ebb and flow of the 
tide would aid in the elimination of the woody materials 
and the concentration of the resin’. Resinous matter, such 
as spores, may also play a subordinate part as an oil- 
yielding material. In his summary he concludes that the 
oil-yielding matter of the shales he examined is resin and 
that the nitrogen is present wholly or mostly in vegetable 
debris other than resin; that there is no evidence to support 
the theory that petroleum has played any part in the origin 
of either torbanites or the typical shales of Scotland, or the 
canneloid shales of the coalfields. 

H. M. Cadell [4, 1925] agrees generally with Conacher 
and feels that it has been clearly established that the oil- 
yielding material is mostly of vegetable origin, ‘derived 
from the waste of plants growing on the land and not from 
seaweeds or algae as some authorities have endeavoured 
to prove, or from animals that lived in the water’. Cadell 
disagrees with the theory of ‘inspissation’ and is unable to 
see how 10 to 20% of mineral matter could absorb and 
hold 80 to 90% of inspissated petroleum, as would be the 
case if torbanite were so formed. 

Maier and Ziinmerly [12, 1927], in studying the chemical 
dynamics of the transformation of the organic matter of 
oil shale into bitumen, determined that the transformation 
reaction, or series of reactions, is of the first order and, 
since there is no tendency to revert, the evidence is strong 
that the bitumen is not the same as the unconverted oil- 
yielding material (kerogen) and that oil shales are not 
shaly material containing absorbed hydrocarbons. 

Critical analysis of the work of the above and other 
investigators tends to substantiate the theories that oil 
shales consist of the remains of vegetable matter deposited 
with mud or silt under water with subsequent alteration 
caused by decay and solidification, in which the more 
resistant parts of the plants suffered the least change; that 
lean oil shale on the one hand and rich torbanites or cannel 
coals on the other, represent the ends of a series showing 
gradual transition from one to the other ; and that petroleum 
played no part in the origin of materials usually regarded 
as oil shales. Physical evidence in the field confirms the 
latter belief : the close juxtaposition of thin strata of alter- 
nating lean and rich shale in which the chemical composi- 
tion of the mineral matter is substantially the same hardly 
gives credence to the belief that the migration and subse- 


quent inspissation of petroleum formed the organic part of 
the oil shales. It is true that shale-like deposits exist in which 
oil occurs as such. A good example is the diatomaceous 
shales of the Monterey formation of California, the mineral 
part of which consists of the skeletons of diatoms from 
which the oil probably originated. These deposits are not 
at all like the so-called true oil shales, are easily dif- 
ferentiated from them, and evidently originated in a quite 
different manner. 

Additional evidence as to a possible mode of origin of 
oil shales was furnished the writer in 1923 by Mr. A. C. 
Thomson of the Pumpherston Oil Company of Scotland in 
a private communication, which is summarized below. 

At Taubate, about 50 miles from Sao Paulo, Brazil, a 
shale was worked for some time. About 5 miles from the 
working, a very marshy area extended for two-thirds of 
a mile on each side of the river. When Mr. Thomson 
examined this marsh it was well covered with vegetation 
(lichens), and in muddy pools on it were live fish. In nearly 
dry pools fish were dead in the mud. In exposures behind 
this level place soft, damp, but well-laminated shales had 
been noted, and to obtain information as to how they may 
have been formed, a pit was sunk in the marsh to a depth 
of 20 ft., passing through alternate beds of black and brown 
mud. At 16 ft. below the surface distinct lamination began, 
and between the laminations a few well-defined fish fossils 
were found, showing exactly the same structure as those 
found in the river. The black mud was deposited when the 
vegetable growth was of long duration and probably 
eventually formed oil-yielding shales. The brown mud 
would form the brown earthy ribs always found in shale 
beds and was deposited during a period of water overflow. 
When the water receded, vegetable growth would again 
begin. 

Composition of Oil Shale 

The foregoing discussion indicates that the composition 
of both the organic and inorganic constituents differs in ’ 
different oil shales. The variability of the organic matter 
is shown by microscopic evidence and by the fact that 
different shales yield oils of a wide range of properties 
when they are retorted under conditions as nearly as pos- 
sible identical. The oil-yielding substance or substances in 
oil shale has for years been given the name ‘kerogen’, 
though many writers have misapplied the word, using it in 
such a way as to indicate that kerogen is a definite chemical 
substance. Analysis shows that the oil-yielding part of oil 
shales is a complex mixture containing carbon, hydrogen, 
nitrogen, and sulphur in varying proportions with the 
carbon-hydrogen ratio as low as 6 to 1 in some shales and 
as high as 10 to 1 in others. 

More precise data are available as to the composition of 
the inorganic part of oil shales. Table I, taken from U.S. 
Bureau of Mines Bulletin No. 210, gives the analysis of the 
ashes of several typical oil shales. 

It is to be noted that calcium and magnesium exist in 
the raw shale mostly as carbonates, and, as Table I shows, 
there is a striking difference between shales as regards these 
alkaline constituents. 

The nitrogen content of oil shales ranges from a trace 
to over 1 % and is the source of both the ammonia which 
can be recovered as a by-product of retorting and of the 
nitrogen bases in the shale oils which cause the charac- 
teristic odour of many of the oils. Ammonia, recovered as 
the sulphate, is the product which saved the Scottish shale 
oil industry from extinction when it was early faced with 
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the competition of cheaply produced petroleum from other 
countries. In general, for any particular deposit of oil 
shale, the nitrogen content varies directly with the oil yield, 
although in many of the Scottish shales the variation 
appears to be inverse. With the shales of the United States 
the direct relationship is almost linear. 


Table I 

Analysis of Ash of Various Typical Oil Shales 


Shale 

SiO, 

7o 

AlaOa and 
FeaOa 

% 

CaO, 

% 

MgO, 

% 

Total 

% 

Scotland, good 
average 

55-6 

34-77 

1*55 

Trace 

100-73 

Scotland, Broxburn 
seam . 

49-72 

35*6 

2-4 

2*20 

89-92 

Norfolk, England . 

49-5 

30-5 

11-7 

1-2 

92-9 

Australia, kcrosine 
shale . 

29-6 

67-4 

1*4 

0-3 

100-63 

Casmalia, Cal. 
Monterey shale . 

75-8 

191 

i 

1-4 

0-9 

97-2 

Juab, Utah . 

50*4 

20-9 

14-8 

6-8 

92-9 

Elko, Nevada 

65-5 

25-5 1 

0*6 

0-8 

92-4 

Clay City, Kentucky 

520 

191 

12-5 

8-2 

91-8 

De Beque, Colorado 

48-8 

i 17-9 

j 16-6 

8-6 

91 -9 

Dragon, Utah 

45-8 

1 16-4 

23-9 

7-9 

i 94-0 

lone, California 

43 0 

381 

8-7 

2-5 

92-3 

Green River, 
Wyoming . 

38-9 

12-4 

38-3 

j 4-9 

94-5 

Soldier Summit, 
Utah . 

44-8 

171 

23-9 

5-4 

1 91-2 


Oil shales usually contain sulphur in the form of pyrite, 
calcium sulphate, and other inorganic forms, but most of 
it is present in the organic matter, and, as a result, shale 
oil always contains chemically combined sulphur. The gas 
produced when oil shale is retorted invariably contains 
hydrogen sulphide, several samples having as much as 5% 
of this compound. In general, the shales rich in sulphur 
yield oils with high sulphur content. Oil from the typical 
low-sulphur (0-35%) Scottish shales contains about 0-3% 
of sulphur, while the typical Green River shale of Utah 
(total sulphur 2-2%) yields an oil containing 1-9% sulphur. 
Commercial consideration will always regard the percen- 
tage of sulphur in the oil produced, since sulphur in oils is 
difficult and expensive to remove in refining. 

Nature of Oil Shale Distillation 

Although most of the material regarded as oil shale con- 
tains appreciable amounts of organic matter soluble in such 
solvents as carbon disulphide and carbon tetrachloride, the 
greater part of the organic material is not soluble, and with 
some typical shales such as those of the Scottish Lothians, 
the solubility is quite small. The extracts are not oil but 
rather asphaltic or waxy, solid or semi-solid, materials. 
Most of the organic matter, or kerogen, when it is heated, 
undergoes a series of changes which first convert it into 
a soluble form, and this in turn, with further heating, 
breaks down, or ‘cracks’ into oil, fixed gas, and carbon. 
The kerogen of itself has no commercial value, but heat 
breaks down this complex mixture of altered vegetable 
remains and produces from it the more simple gaseous, 
liquid, and solid hydrocarbons and hydrocarbon com- 
pounds that are more or less similar to those obtained 
from oil-well petroleum. 

In this brief discussion of the mechanism of the con- 
version of the organic matter of oil shale into oil, the writer 
has purposely avoided the use of words which have been 
coined to distinguish types of paraffinic, bituminous, and 


asphaltic matter otherwise not classified except by physical 
appearance and such properties as solubility in organic 
solvents. Such words are convenient to use, but often lead 
to confusion when they are applied to materials not pre- 
cisely identifiable. 

Regardless of the exact composition or nature of the 
organic matter in different shales, that in all the shales 
studied by the writer appears to behave in the same general 
way when it is subjected to heat: the original largely in- 
soluble organic matter changes into a different type of 
material, soluble in such solvents as carbon tetrachloride, 
with the evolution of some fixed gas; then, as heating con- 
tinues, the soluble matter breaks down into gas and oil. 
The series of reactions is on the whole endothermic, 
although at certain stages heat apparently is evolved. 

Perhaps the most precise quantitative determinations of 
these transformation reactions have been made by Maier 
and Zimmerly [12, 1924], whose studies, however, were 
confined to one particular shale of the Green River forma- 
tion of Utah. Their first studies were made by heating 
shale samples in open tubes at various temperatures and 
for various lengths of time, then extracting the cooled 
samples with carbon tetrachloride. They found that, as 
heating at a definite temperature continued, the amount of 
soluble matter formed reached a maximum and then began 
to decrease. This indicated that a secondary decomposition 
or transformation was taking place, that the latter became 
predominating when the first reaction was nearly complete, 
and that the products of the secondary reaction were vola- 
tile. Later studies in which the samples were heated in 
sealed tubes made it possible to determine the rates of con- 
version of the original organic matter into the soluble 
primary decomposition product and of this primary pro- 
duct into oil and gas. These rates were expressed as 
logarithmic curves from the equation dclcit = KC in which 
dcjdt is the rate of decomposition of the organic matter, 
and C its concentration in the sample at time T, For the 
primary reaction, K ranged from 7*36 x 10“* at 275° C. to 
9-68 X 10"2 at 365° C., where K is rate of conversion in per 
cent, per hour. A curve in which the logarithm of reaction 
velocities at various temperatures was plotted against the 
reciprocal of time, resulted in the equation 

logioA: - -9 075 xl0^(l/r)-i- 13-46. 

Some oil or secondary decomposition product was 
formed at 365° C., and K ffir this temperature does not lie 
on the curve determined from observations at lower tem- 
peratures. At temperatures above 365° C. the rate of oil 
formation increased rapidly with rising temperatures. At 
temperatures below 275° C. the reactions proceeded so 
slowly as to be immeasurable within reasonable time. No 
primary decomposition product was formed in 90 days at 
100° C. By extrapolation of the reaction-velocity curve, it 
was calculated that 8-4 x 10^ years would be required for 
1% of the original organic matter to be converted into 
soluble primary product at 100° C. 

It is obvious from this work that the formation of the 
primary product is a function of temperature and time of 
heating. It is probable that reaction rates differ for different 
shales and may be influenced by the nature of the inorganic 
part of the shale. It is emphasized that the so-called reac- 
tion is probably not a single definite reaction any more 
than that the organic matter is a simple definite chemical 
compound; the determined rate is the average of a group 
or series of reactions, all of the same general nature. 
Further, all evidence is to the effect that the reactions arc 
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of the first order and consequently there is no tendency to 
revert. This is strong evidence that the primary product is 
not the same as the original organic matter and that oil 
shales are not mineral matter containing adsorbed hydro- 
carbons. 

Further studies indicated that at relatively high tempera- 
tures, oil and gas formed from the primary product as 
rapidly as the primary product formed, and that the ‘oil* 
produced from the shale under these conditions was pro- 
bably a solution of primary product in more or less oil, 
and that the more rapidly this ‘oil’ was produced the 
smaller was the percentage of real oil or secondary decom- 
position product in it. On the other hand, if the reactions 
progressed slowly and over a long period of time, the 
recovered product was a true oil containing little of the 
primary product. In small-scale tests, by varying the tem- 
perature and time of heating in small sealed tubes provided 
with a collecting chamber below the shale sample, a com- 
plete series of oils was produced from the same oil shale. 
These oils in physical appearance ranged in nature from 
the dark-coloured viscous materials similar to typical naph- 
thenic crudes, on the one hand, to a fluid, light-coloured 
relatively volatile product containing much paraffin wax 
and more typical of the paraffin-base crudes, on the other. 

It is regrettable that these investigators were not able to 
continue their investigation or more thoroughly to examine 
the products made in their small-scale studies. The results 
of this admittedly incomplete study strongly suggest how 
petroleums of unlike character may have been formed from 
the same kind of oil shale, thus rendering unnecessary the 
additional theory that they were altered by filtration in 
migrating from the point of origin to reservoir structures, 
feasible though this latter theory may be. The work also 
emphasizes the fact, confirmed by large-scale experimental 
studies, that the quality — and yield — of oil produced from 
a given shale is determined to a considerable degree by the 
manner in which it was produced from the shale. Add to 
this the fact that the organic matter in different shales is of 
varied composition and the observation that different shales 
yield oils of greatly unlike quality is easily understood. 

That different shales yield oils of different quality when 
the shales are retorted under as nearly as possible identi- 
cal conditions as to rate of oil production is shown by 
Table II: 

Table II 


Comparison of Oils Produced from Different Oil Shales 


Source of Shale 

Oil yield 
U.S. gal. 
per 

2,000 lb. 

Specific 
gravity 
of oil 

Vo of 
crude 
distilled to 
275^ C. 

Unsaturates 
in distillates 
to 275^ C.* 

Setting- 
point of 
crude oilt 

Soldiers Summit 
Uuh 

49*7 

0-894 

37-2 

36-9 

28-5 

Grand Valley, 
Colo. 

36-7 

0-899 

38-5 

42-8 

25-0 

De Beque, 
Colorado 

45-3 

0-897 

34-8 

39-8 

27-5 

Elko, Nevada . 

63-2 

0-866 

36-7 

33-3 

35-0 

Kentucky 

160 

0-934 

40-9 

44-2 

0 

Brazil 

118-7 

0-870 

40-5 

33-6 

19-0 

Australia . 

121-8 

0-867 

40-2 

26-9 

18-5 

Scotland . 

17-7 

0-872 

37-6 

23-8 

33-0 

Utah, Coal 

33-6 

1-002 

38-0 

47-8 

320 


* Percentage soluble in excess of 98% sulphuric acid under definitely 
specified conditions. 

t An arbitrary method of determining the melting-point of the oil. 


As an indication of how the quality of oil produced from 
a given shale is influenced by the conditions of production, 
the following tabulation shows the .yield and nature of oil 


produced from a Colorado oil shale in an experimental 
retort under conditions such that in one case oil was pro- 
duced 5 times as rapidly as in the other: 

Rate of oil production, c.c. per min. . 

Yield of crude oil, gal. per ton . 

Specific gravity of crude oil 
Viscosity of crude oil — Saybolt sec. at 130° h. 

Percentage of sulphur in crude oil 

„ of nitrogen in crude oil 

„ distilled from crude oil to 150° C. 

„ distilled from crude oil to 200° C. 

„ distilled from crude oil to 275° C. 

Melting-point of crude oil ° F. . 

‘ Unsaturation’ of distillate to 275° C., % . 

The following conclusions have been drawn from much 
experimental evidence: 

1. The quality of oil produced from a given shale is 
largely a characteristic of the particular shale. 

2. The yield of oil from a given shale increases with the 
rate at which the oil is produced up to a certain maximum. 
If rates higher than those which yield maximum quanti- 
ties are attempted, overheating will decompose the oil, 
decreasing the oil yield and increasing the yield of gas. 

3. The quality of oil produced from a given shale, as 
indicated by relatively low specific gravity, relatively high 
volatility, and relatively low percentage of ‘unsaturates’, 
improves as the rate of oil production decreases. 

The evidence leading to these conclusions strongly sug- 
gests that most shale oils are really mixtures, in varying 
proportions, of (^/) primary decomposition products of the 
organic matter of the shale, and (/>) oils resulting from 
the cracking or further decomposition of the primary 
product. 

As further evidence of this belief is the fact that if, at 
any given rate of oil production, steam or an inert gas is 
passed through the distilling shales, the oil produced is 
lower in quality and higher in yield than if the steam or 
gas were not used. The steam evidently lowers the distilling 
temperature of the primary product by reducing its partial 
pressure in the mixture of gas and vapours, consequently 
the primary product has less opportunity of decomposing in 
the retort and more of it is recovered in the condensed oil. 

Observations in the field and of specimens of certain 
shales indicates that the process of conversion of original 
organic matter into primary decomposition products takes 
place in nature under certain conditions. Where shale 
deposits have been subjected to stresses that have caused 
local distortion, it is usual to find in the shale, nodules 
or lenses of bituminous matter soluble in carbon tetra- 
chloride and closely resembling the primary decomposition 
products produced in the laboratory. The naturally occur- 
ring hydrocarbon gilsonite, which some investigators re- 
gard as similar to the primary decomposition product, 
evidently originated in deposits of Green River shale, now 
almost barren of organic matter, and was deposited in 
vertical fissures above the shales. One exposed section in 
Utah shows the bottom of the gilsonite deposit stringing 
out in small veinlets which apparently terminate in the 
probably once oil-yielding shales. 

The rate of oil production also is of practical value in 
connexion with the distribution of nitrogen (and possibly 
sulphur) between the oil and the spent shale. When the oil 
is produced rapidly from the shale, more nitrogen appears 
in the oil and less in the spent shale than if the oil is pro- 
duced slowly. Likewise, with rapid oil production, there 
is less fixed carbon in the spent shale than with slow oil 
production. Consequently, if it is desired to produce a 


10 0-2 

36-9 35*5 

0-913 0-901 

53-0 50-0 

0-60 0-53 

2-07 1-79 

7-6 9-5 

16-8 19-6 

34-8 39-0 

72-0 79-0 

44-4 39-1 
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maximum amount of ammonia as a by-product from the 
shale, slow oil production is indicated, since the nitrogen 
in the oil is in the form of complex nitrogen bases, which 
can readily be removed from the oil but would require further 
processing to be converted into ammonia, while if the 
spent shale is heated to approximately 1,200° F. and treated 
with steam, the greater part of the nitrogen can be re- 
covered as ammonia. This method is used in the Scottish 
shale-oil industry where ammonia has been a most valuable 
by-product. 

Laboratory studies, small-scale and semi-commercial 
retorting experiments, and full commercial production, 
though not yet well correlated, convincingly show that each 
particular oil-shale deposit is likely to present its own 
retorting problems. These problems relate to the physical 
behaviour of the shale in mining, crushing, and retorting, 
as well as the general nature of the oil produced and how 
the oil and the products made from it can be modified by 
the conditions of retorting or subsequent treatment of the oil. 

Mining, handling, and crushing are not discussed here, 
but they present practical problems for the industry. The 
writer has learned as the result of somewhat limited ex- 
perience in mining and handling shales that the varied 
experience of the metal miner will be of great value in the 
working of oil shales, whereas it has been generally believed 
that oil-shale mining methods will usually closely resemble 
present-day coal-mining methods. Many oil shales have 
coking characteristics somewhat like typical coking coals. 
This property seems to be inherent in shales from certain 
localities, and cannot be correlated in general with richness. 
Lean shales seldom show coking tendencies, and whereas 
many quite rich shales do not coke, others from different 
localities, and not so rich, coke so strongly as to make 
impossible their retorting in a continuous process without 
admixture with leaner shales. 

The manufacture of shale oil is described elsewhere in 
this treatise by another writer, but it may be pointed out 
here that the future shale-oil industry may depart widely 
from what has been practice in the past. Just as oil shales 
differ, so do the products made from them, and the nature 
of the final finished products is influenced by the methods 
used in manufacturing the crude oil. 

Oil shale is regarded as a source of supply of hydro- 
carbon oils, to be drawn upon to supplement or largely 
supplant petroleum when the demand for petroleum pro- 
ducts becomes greater than can be supplied by the natural 
deposits of petroleum. Other than hydrocarbon oils, by- 
products of more or less interest and importance can be 
obtained from oil shales. The usually considered by- 
product is ammonia, but ammonium compounds are now 
produced so inexpensively from other sources that this 
by-product is not likely to be as important as in the past. 
It is not improbable that in future the nitrogen bases 
present in all shale oils will be of more value to the industry 
than any ammonia that can be produced. 

The writer has previously likened the production of shale 
oil to the concentration of a valuable mineral from a low- 
grade ore. In an industry of this nature it is not usual to 
begin to refine the mineral until the concentrate has been 
reduced to the lowest practicable bulk. The primary opera- 
tion is to eliminate the waste matter or gangue and dispose 
of it as quickly and cheaply as possible. 

In shale-oil production, the oil is the desired concentrate, 
the spent shale the gangue. Inasmuch as rapid concentra- 
tion or production of the oil leads to an oil of relatively 
inferior quality, many have felt that rapid oil production 
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from shale by relatively high-temperature retorting aided 
by ‘carrier’ gas or steam is not practical, but actually the 
inferior grade of oil so produced can be made to yield all 
the desired products of slowly produced crude oils by sub- 
sequent ‘cracking’ in apparatus operated independent of 
the oil-shale retort. Regarded in this manner, the retort 
becomes the concentrating device, by means of which the 
desired concentrate — crude oil — is produced as rapidly as 
possible, and the relatively expensive retorting equipment 
is not employed as a partial refining device which, when 
so used, limits its capacity and therefore increases the cost 
of the crude product. Two thousand pounds of oil shale 
will yield, for example, 320 lb. of oil (about 40 gallons to 
the ton from a relatively rich oil shale). This amount of 
oil may be produced from the retort in 1 hour, or about 
the same amount of a materially superior oil can be pro- 
duced from the same ton of shale in 6 hours, but meanwhile 
the concentrating capacity of the retort has been reduced 
to a sixth of the capacity it had in the first operation. It is 
evident that an auxiliary cracking unit will represent a 
lower capital investment and cost less to operate than the 
additional retorting equipment required to produce, directly 
from the retorts, oils of equivalent quality to those made 
by a process of rapid retorting followed by a secondary 
distillation or ‘cracking’ of the crude oil. 

Except where long-time treatment of the shale is required 
to produce particular by-products, such as ammonia, from 
the shale, or to impart to the spent shale properties that 
will be commensurate with the cost of long treating time, 
the writer pictures the future oil-shale industry as one in 
which the retorting equipment will produce oil as rapidly 
and at as high a temperature as feasible. The oil so pro- 
duced will go to the refinery to be improved in quality and 
finally, or simultaneously, fractionated into raw distillates 
for refining into commercial commodities. 

The shale oils must also be regarded as future sources 
of valuable by-products. The crude oils and distillates 
contain nitrogen compounds of possible value. Oils and 
gases also contain hydrocarbons and hydrocarbon deriva- 
tives of the unsaturated series which are now rapidly in- 
creasing in importance as raw materials for the synthetic 
chemist, and future study will show how the yields of these 
compounds can be increased if desired and their recovery 
simplified. 

While the oil-shale industry is similar in many respects 
to the coal-mining and coal-distillation industries, it will 
probably be developed by the petroleum industry if it is to 
reach a position of importance in supplying the world with 
hydrocarbon oils. The magnitude of the possible future 
industry may be pictured by assuming the production of 
1,000,000 bbl. of shale oil per day from oil-shale deposits 
that will yield on the average 35 U.S. gal. of crude oil per 
short ton. To produce this quantity of oil 1,200,000 tons 
or, roughly, 1,000,000 cubic yards of solid shale would have 
to be mined, transported, crushed, and handled through 
retorts every 24 hours, and approximately 1,500,000 cubic 
yards of broken waste spent shale disposed of. Herein lies 
an important difference between the petroleum- and coal- 
distillation industries and the oil-shale industry. The petro- 
leum industry has no solid waste to dispose of except the 
small amount of coke formed by cracking, and coke is a 
valuable fuel. The coal-distillation industry yields a solid 
residue — but this again is coke, highly useful in industry. 
The residue of oil-shale distillation, except in few instances, 
has no commercial value, and for every barrel of oil pro- 
duced, 1-5 cubic yards of waste must be disposed of. 
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OIL SHALE; OCCURRENCE AND GEOLOGY 

By H. R. J. CONACHER 


The oil shale worked on a large scale in the Lothians of 
Scotland is the typical material. While the term ‘oil 
shale’ is precisely applicable to it, commercial practice has 
expanded its meaning to include all manner of materials 
from which mineral oil can be obtained by distillation. 
Consequently it is now applied in a number of cases which 
lithologically are not shale and which differ from the 
Scottish type also in the nature of their organic matter and, 
consequently, in the character of the oil obtainable from 
them. The range in lithological types is shown by the 
following table, which gives the percentage and composi- 
tion of ash from certain examples, while the variety in the 
character of the organic matter is indicated by particulars 
of yield, &c., of crude oil when tested under comparable 
conditions. 


reports a maximum of 0*98% obtained by 12 days’ extrac- 
tion with carbon disulphide and chloroform as compared 
with 2*41% obtained from Colorado shale by Gavin and 
Aydelotle, this representing 18*22% of the yield obtainable 
by distillation. (U.S.B.M. Bulletin 210, p. 28, 1924.) 

The Scottish shales in their unweathered state are black 
or very dark brown rocks, possessing fine lamination 
which is most strongly displayed by weathered or burnt 
specimens. They occur in a group of sediments peculiar 
to central Scotland, the Calcifcrous Sandstone Series, lying 
between the Old Red Sandstone and the Carboniferous 
Limestone. In Mid and West Lothian the series has a 
thickness of about 5,000 ft., but oil shale occurs only in 
the upper two-thirds, where the sediments consist mainly 
of sandstone and shale with subordinate beds of fresh- 
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Authorities for analyses of ash: 

1. F. W. Clarke, Data of Geochemistry, 1924, p. 552. 

2. Evidence in Jury Trial, Gillespie v. Russell & Son, Edinburgh, 1853. 

3. J. E. Came, The Kerosene Shale Deposits of New South Wales, 1903, p. 272. 

4. New South Wales Dept, of Mines, Sydney, 1935. 

5. J. R. M. Robertson, "The Occurrence of Torbanite or Kerosinc Coal in the Colony of New South Wales’, Min. Inst. Scot. 14, 88-126 
(1892). 

6. Tasmanian Geol. Survey, Mineral Resources, 8, ii. 13 (1933). 

7. Kogerman, On the Chemistry of the Estonian Oil Shale * Kukersite\ Oil Shale Research Laboratory, Tartu, Bulletin no. 3, 1934. 

8. M. J. Gavin. Oil Shale, U.S. Bureau of Mines Bulletin 210, 1924, p. 29. 

♦ Present, but quantity not determined. 


Shale of the Lothian type grades mainly, by reduction of 
mineral matter, into torbanite, and by variation in nature 
of organic matter into ‘ mussel- band ’ shales and cannel coal. 
Other types such as Tasmanite, the Kimmeridge Black- 
stone, the Green River shales of Colorado, Utah, and 
Wyoming, &c., form unrelated groups outside the series. 

There are few regions of the world which do not contain 
material of one or other of these types, but only the out- 
standing occurrences can be dealt with here. 

Shales of the Lothian type yield only traces of soluble 
matter to organic solvents, the oil obtained on distillation 
being derived from organic matter by thermal decomposi- 
tion. E. M. Bailey {Oil-Shales of the Lothians, p. 169, 1927) 


water, sometimes oolitic, limestone. The finer sediments 
are frequently sun-cracked and occasionally traversed by 
sandstone dykes approaching 10 ft. in depth and up to 
about 18 in. in breadth; the sandstones generally consist 
of angular grains strongly cemented, and occasionally con- 
tain oolitic structures. Two or three thin seams of poor 
coal occur. The workable seams of shale, which range up 
to 14 ft. in thickness, are the portions richest in organic 
matter, of much greater thicknesses of dark shale; they 
differ only in degree from the beds constituting the roof 
and floor of the workings, and generally arc not sharply 
distinguished from them; they vary in richness from point 
to point both vertically and horizontally. There are about 
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a dozen seams, but at no locality are all of workable thick- 
ness and quality. The area is crossed by two sets of folds 
and related faults, resulting in severe contortion of the 
relatively pliable oil-shale seams with development of 
highly polished planes of internal movement. Igneous 
dykes and sills of two ages have invaded the series, destroy- 
ing the shale seams over large areas, and resulting in the 
presence of free mineral oil and other native hydrocarbons. 
Most of the individual seams have their own lithological 
characteristics and also vary in the yield and quality of the 
oil. Fossils are scarce, the commonest being scattered leaves, 
cones, and stems of rather small specimens of the Carboni- 
ferous flora, with remains of fish (occasionally complete 
specimens). In a few instances the shale is packed with 
ostracod shells. Megascopic examination gives little hint 
as to the nature of the organic matter in the Scottish shales, 
as the amount accounted for by the visible fossils is alto- 
gether inadequate to supply the yields obtained, nor is any 
one of them sufficiently general in occurrence. Microscopic 
examination of thin sections shows the presence of extremely 
macerated vegetable matter, fragments of recognizable 
tissue, occasional spores and spots of yellow material, and 
scales and spines of fish on a background of fine mineral 
grains coloured pale brown or yellow, according to the 
thickness of the section and the particular seam under 
examination. 

In the adjacent coal-fields, on a higher geological horizon 
than the true oil shales, various canneloid shales are found 
which were worked in the early days of the mineral oil 
industry; these are generally from 1 to 2 ft. in thickness, 
and were mined in conjunction with coal seams. They 
frequently give large yields of oil, but the impossibility of 
refining this to modem standards has made these materials 
unworkable. They differ from the Lothian shales in their 
dense black colour, black streak, and coarser lamination; 
the presence in some instances of great numbers of Carboni- 
cola, Naiadites and Anthrocomya, preserved as ironstone 
nodules, causes them to be known as ‘ mussel-band ’ shales. 

At the base of the Coal Measures, separated from the 
Lothian shales by about 2,500 ft. of sediments, there occurs 
the Boghead coal or Torbanchill mineral, the type-material 
of the torbanites and the material originally worked for oil 
in Scotland. This occurred as one seam with a maximum 
thickness of 30 in. in an area of about 3,000 acres to the 
south and west of Bathgate, Linlithgowshire, associated 
with common coal and ironstone. In different parts of the 
field it varied in colour from brown to black, the former 
being the richer, yielding up to 120 gallons per ton of 
oil having higher refining value. It is tougher than 
ordinary cannel coal and breaks with difficulty except under 
an axe. The fracture of the black variety is slightly waxy, 
showing numerous very minute, glistening points; the 
fracture of the brown variety is dull, of dark chocolate 
colour, semi-detached splinters being red and translucent. 

The only fossils noticeable in the seam are very scarce fish 
remains, and prints of leaflets and rootlets; specimens of 
the black variety are usually penetrated by Stigmaria, In 
thin section this material presents a mosaic of pale yellow 
bodies in a ground-mass which is only translucent in very 
thin sections and is then deep red in colour. The individuals 
in the mosaic show traces of structure, of which numerous 
interpretations have been presented by different observers. 
They resemble, but are more definite in form than the yellow 
spots mentioned as occurring in the Lothian shales, and on 
account of the connexion which can be made out between 
their presence and the yield and nature of the oil obtained 


on destructive distillation they are considered to be the 
essential items in the constitution of normal oil shales and 
torbanites. Similar yellow bodies occur in numerous can- 
nel coals and in the cannel shales, but only to a subordinate 
extent. Torbaniie closely resembling that of the Bathgate 
district occurs about the same horizon elsewhere in Scot- 
land, but in very much smaller quantity, and no other deposit 
has attained such economic importance as that at Bathgate. 

Probably the closest approach lithologically to the 
Lothian shales is to be found in the shales of Cainozoic 
age occurring in a limited area near Elko, Nevada. At this 
locality several seams up to 6 ft. in thickness and yielding 
as much as 50 gallons per ton for a limited thickness occur 
in a series of lake deposits associated with rhyolites and 
white tufaceous sediments. Perfectly fresh specimens are 
brown, weathering to blue. The principal seam is associated 
with lignite and contains thin partings crowded with deli- 
cate bivalve shells and carbonized seeds. 

In Burma, oil shale of Cainozoic age occurs in a basin 
of metamorphic rocks between the Dawna Mountains and 
the Siam frontier, east of Moulmein, in country densely 
clad with jungle. There are half a dozen scams enclosed 
in a scries of greenish and bluish shale and mudstone with 
sandstone and nodular fresh-water limestone. The freshly 
mined shale has a rich red colour, but quickly turns black. 
While good yields arc obtainable, the oil is of a type diffi- 
cult to refine. 

Oil shales somewhat approaching the Lothian type also 
occur in Spain, near Castellon. They are of Cainozoic age 
and are remarkable for the well-preserved remains of 
minute insects. 

Torbanite of Carboniferous age occurs in France at 
Autun (Sa6ne ct Loire) and Frejus (Var). The deposit at 
Auiun was the subject of the classical studies of Bertrand 
and Renault. That at Boson is similar, being a black 
material with brown streak and rough, somewhat glisten- 
ing fracture. In transparent sections under the microscope 
it presents a beautiful mosaic of yellow and orange- 
coloured bodies with well-defined internal structure which 
has caused them to be ascribed to unicellular algae related 
to existing species. The torbanite is said to be about 4 ft. 
thick, and is associated with greater thicknesses of black 
shale apparently differing only in the relative percentages 
of ash and organic matter. Typical shale of Miocene age 
also occurs in the Basses Alpes at Bois d’Asson. 

In Bulgaria (Bresnik district) materials occur which have 
been described as torbanite, but hand specimens and thin 
sections indicate a fine-grained limestone containing some 
minute plant fragments and soaked with oil. The series is 
considered to be of Jurassic age, and is very steeply folded. 

Torbanite also occurs in the eastern United States, par- 
ticularly in Kentucky, but the most remarkable series of 
occurrences is in New South Wales. In that State many 
detached areas are known, each containing a single seam 
up to about 4 ft. 6 in. thick. Most of these deposits occur 
at about the same horizon in the Greta Coal Series of the 
Kamilaroi (formerly Permo-Carboniferous). Each deposit 
is lenticular and may pass into common coal either verti- 
cally or laterally, and frequently becomes hard and stony 
for a few inches at the top and bottom. The enclosing beds 
are generally grey, sandy shales. The material from many 
of the deposits has particular characteristics by which it can 
be identified. Typical specimens from the Wolgan-Capertee 
area are black with rough conchoidal fracture showing many 
glistening points; the bedding is discernible by its dull sur- 
face when split open, by the greater ease with which the 
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material can be split in that direction, and flattening of the 
particles in the direction of the bedding is revealed by close 
examination with a lens. On weathering, the surface 
becomes duller, and in the course of 20 years may develop 
a noticeably grey crust which apparently consists of the 
ash left by removal of the organic matter. Ultimately 
weathering may penetrate deeply into the block, leaving 
a brown, clayey coat which makes the torbanite extremely 
diflicult to distinguish by eye from the sandstones and 
sandy shales of the district. The glistening points visible on 
a clean fracture are found to be minute resinous bodies 
crossed by the line of fracture, and the roughness of the 
surface is due to the fracture passing around and not 
through the greater number of these. Such a fracture is 
noticeably brightest at the point of impact, becoming 
rougher and duller as the fracture spreads and tends to 
pass around and not through the resinous bodies. Speci- 
mens from most of the other deposits arc black to greenish 
in colour with a waxy or silky lustre on fresh fractures. Inis 
lustre being due to the fracture passing through all the yellow 
bodies which predominate over the ground- mass. Whereas 
weathering of specimens from Wolgan attacks the yellow 
bodies first, leaving a reticulated surface of the ground- 
mass, the reverse is generally the case. Thus specimens from 
Hartley Vale show a close-set mosaic of nearly globular 
bodies with the matrix etched out, and the deeply weathered 
crust on specimens from Baerami shows the very large 
yellow bodies quite detached but intact. In some cases 
the yellow bodies are very large, measuring as much as 
0-5 mm. in diameter with a thickness of 0-2 mm. This form 
is generally characteristic of Australian specimens and in 
contrast with those from Scotland and France, which are 
roughly spherical, with radial structure, measuring about 
01 mm. in diameter. Weathering sometimes proceeds 
underground, and in such cases the joints in the seam are 
eroded laterally to the extent of several inches, the space 
being partly occupied by the loose ash, brown in most dis- 
tricts, but occasionally white or red. The seams vary rapidly 
in thickness, and the quality also varies laterally as well as 
vertically, becoming impoverished through increased pro- 
portion of ash or changing to common coal, ironstone, 
&c.; this feature is very well shown in a series of sections 
appended to the report of the Newnes Investigation Com- 
mittee. The material is remarkably elastic, and blocks and 
splinters spring from their beds with considerable force 
when freed in the course of mining. Recognizable fossils 
are uncommon, with the exception of vertical stems and 
whorls of leaves apparently belonging to Phyllotheca, The 
material frequently gives as much as 150 gallons of crude 
oil per ton of shale. 

Within the region of the torbanite in New South Wales 
there also occur various deposits of hard stony material 
yielding oil similar in character to that obtained from the 
normal torbanite, but much less in quantity. They are 
hard and rather heavy, brown to black in colour when 
fresh, with rough fracture; theirappearance in the field does 
not usually suggest that they could give the yields they do, 
but on the other hand thin sections suggest much higher 
yields than are actually obtained. The seams generally 
consist of several beds varying sharply in quality, and it 
appears as if they represent what would have been normal 
torbanite seams but for heavy contemporaneous impregna- 
tion with mineral solution which has had the effect of 
increasing the weight of inert material without much affect- 
ing the appearance in thin section. 

On the north coast of Tasmania the very remarkable 

IV 


material known as Tasmanite occurs in the neighbourhood 
of the Mersey River. The deposit is of approximately the 
same age as the torbanite of New South Wales, but differs 
markedly from it. When freshly mined it is grey with a 
brownish bloom due to immense numbers of yellow 
resinous disks having a diameter of about 0*45 mm. with 
occasional larger specimens. They are regarded as spore 
cases and are em^dded in a matrix of very fine sand, 
being strewn over the bedding planes in dense patches 
about an inch square and more or less thinly scattered 
over the remaining surface. Occasionally there are seams 
up to h in. thick and 1 or 2 in. in diameter from which 
mineral matter is practically absent. Iron pyrites occurs 
on the joint planes, encrusting fossils, and as small 
nodules and single crystals scattered along the bedding 
planes, while sulphur also occurs in combination with 
the organic matter. Marine shells are distributed through- 
out the seam, which is also sprinkled with glaciated pebbles 
ranging from the size of a pea up to boulders of 100 cu. ft. 
Patches of corroded crystals, apparently pseudomorphs 
of glauberitc, also occur and have the appearance of 
having been drifted into position. There is but one seam 
of this material, having a thickness of up to 6 ft. with a 
2-ft. bed of poorer material in the middle. The seam differs 
only from the enclosing sandy mudstones in the presence 
of the spore cases which are only very thinly distributed in 
the overlying and underlying beds, and in adjacent districts 
its position appears to be occupied by coal. On weathering, 
the spore cases turn brown and assume a saucer shape 
through the curling up of their edges. They differ from the 
spore cases so commonly met with in coals and associated 
rocks elsewhere in the absence of the triradiate ridge and 
micropyle. In thin section they show fine banding parallel 
to the outer surface and numerous well-defined punctures. 
The latter appear to be unevenly distributed, generally 
taper slightly inwards and may be interrupted, but these 
puzzling features may be partly due to their being invisible 
unless infiltered by mineral matter. They closely resemble 
the bodies characteristic of the New Albany shale in the 
eastern United States. 

The New Albany shale (also known as the Chattanooga 
or Ohio) of the eastern United States is of Devonian age 
and outcrops over a very long area extending from Alabama 
to the Great Lakes. As seen in Kentucky it consists of 
rather stony black shale which seems to contain a good deal 
of iron. The bedding planes are strewn with minute plant 
fragments, among which can be distinguished a sprinkling 
of spore-like bodies, and a few Lingulae, In thin section the 
minute spore-like bodies show similar characteristics to 
those found in Tasmanite; characteristically their diameter 
is only about 015 mm., but specimens measuring as much 
as 0-25 mm. occur in northern localities. The series has a 
thickness of about 1(X) ft. and little variation in richness is 
noticeable throughout the section, the general aspect of 
which, both in the field and in thin section, is that of 
carbonaceous shale. Generally the yield is under 10 gallons 
per ton. 

The high plateau country of Utah, Colorado, and 
Wyoming, having an area of several thousand square miles, 
is formed of a mass of calcareous shales which is over 
2,(XX) ft. thick in some districts. Almost the whole of this 
mass yields some oil on distillation, but the richest zones 
occur about 600 to 1,200 ft. from the bottom, the chief of 
which is known as the Mahogany Seam. This series of 
limestones is of Green River (Cainozoic) age, resting con- 
formably on the Wasatch beds which overlie the Cretaceous 
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Mesa Verde. The poorer beds are pale brown on fresh 
fractures, turning white on prolonged weathering; the 
richer beds are a deep red colour, blackening on a few hours’ 
exposure and generally weathering with a white crust 
through oxidation of the organic matter, but sometimes the 
mineral matter is leached out, leaving the organic matter 
in flexible sheets like a stack of brown paper. The richest 
specimens give a silky cross-fracture resembling that of 
some torbanite, but scrutiny shows that the glossy surface 
is not made up of numerous glistening points but of minute 
parallel streaks, even the richest beds consisting of minute 
alternations of rich and poor sediment. Prints of aquatic 
insects up to 1 J in, long sometimes occur thickly strewn on 
the slabs, which are often finely ripple-marked and rain- 
pitted; in some localities fossil fish are common, and towards 
the base some beds are packed with ostracod shells. The 
whole series has been very closely studied by the U.S. 
Geological Survey and is described in a series of Bulletins 
and Professional Papers which arrive at the conclusion that 
the oil yield is derived from vegetable matter, largely algal, 
but both field and laboratory examination give the impres- 
sion that at least a great part of the oil is already present in 
that form, whatever its ultimate source may be (cf. results of 
extractions quoted on p. 3100). Free oil occurs in porous 
oolitic beds throughout the series and also in the empty 
casts of salt crystals, while the rich beds smell of oil on fresh 
fracture or when exposed in the sun. Solid native hydro- 
carbons also occur abundantly ranging up to the huge 
‘Cowboy* and ‘Bonanza’ veins of Uintaile, up to 18 ft. 
in thickness and traceable for 8 miles. 

The Kimmeridge clay which occurs over a large part of 
England and in parts of France is generally of a dark bitu- 
minous nature, weathering to mud rather readily, but at 
Kimmeridge on the Dorset coast parts of the series are so 
rich in organic matter that they have been used as fuel 
for centuries under the name of Kimmeridge coal. On 
distillation these beds give substantial yields of highly 
sulphurous oil. The richest of these zones is the ‘black- 
stone’, about 4 ft. thick, the best specimens of which show 
a waxy cross-fracture with a brownish tinge. The bedding 
planesare rather rough and strewn with fragments of marine 
shells, many of which are coated with iron pyrites. Much 
sulphur is also present in organic combination. Fair yields 
are also obtainable from a considerable thickness of strata 
above the blackstone seam, and a relatively rich bed known 
as ‘short-joint coal’ occurs 25 ft. above the main seam. 

Another material of marine origin is kukersite which 
occurs near the south coast of the Gulf of Finland, in 
Estonia and Russia. It is of Ordovician age, and not- 
withstanding its great antiquity it has a remarkably 
recent aspect as, lying on the Baltic Shield, it has been 
practically undisturbed since its accumulation. The kuker- 
site is a buff-coloured, clayey material, containing abundant 
remains of polyzoa, trilobites, &c., and it occurs as thin 
beds between rather nodular limestones. The beds for 20 
or 30 ft. above and below are also limestone with some 
partings of inferior kukersite. The yield of oil is as much 


as 80 gallons per ton. The oil has little resemblance to that 
from any other material. 

In South Africa oil shales occur in the Ecca Coal Mea- 
sures and in the Stormberg Series of the Karoo System 
(approximately Permian) of Natal and the Transvaal, 
exposures being known throughout a belt about 250 miles 
long stretching from Ermelo in Transvaal to Impendhle in 
Natal. They are frequently described as torbanite, but are 
really sandy black shales with prominent flakes of mica. 
The streak is generally dark brown and the fracture coarse 
and rough. Yields arc generally about 30 gallons, but may 
be as high as 70 gallons per ton. The seams are generally 
thin— under 2 ft.— but are associated with a greater thick- 
ness of coal. 

The Albert Shale (Devonian) of New Brunswick and 
Nova Scotia yields oil to some extent throughout its entire 
thickness of 6,000 ft. The series contains the remarkable 
vein of Albertitc and the basal conglomerate contains 
enough oil to flame freely in a fire. There are several well- 
defined seams, but the richest beds are the so-called ‘curly’ 
seams. These arc hard, tough materials smelling strongly 
of oil when broken. On fresh fracture they have the 
appearance of ‘watered’ silk through the presence of 
intensely contorted alternations of brilliant black and dull, 
dark brown layers. Notwithstanding the appearance of 
intense movement slickensides are not developed, but fre- 
quent small jet-Iikc veins traverse the material sometimes 
following, but as frequently transgressing, the lamination. 
The appearance of the material strongly suggests turbulent 
flow of a highly viscous mass, but thin section shows it to 
contain recognizable vegetable remains — spore cases, car- 
bonized tissue — giving signs of disruption and arranged as 
if in lines of flow, with coarse, angular, mineral matter. 
The oil obtainable is heavy and asphaltic. 

In the Oligocene coal scries of Fushun, Manchuria, the 
thick coal seam is overlain by a rather carbonaceous shale 
giving only small yields of oil (10-15 gal.), but which is dis- 
tilled, as it has to be handled in the course of mining the 
coal. The shale is almost black, heavy, and fairly hard. 

In California some attention has been paid to the Monte- 
rey shale (Middle Miocene) at its outcrop in Santa Barbara 
county to the west of the Santa Maria field where it forms 
the oil ‘sand’. It is a brown to black, massive material, 
irregularly jointed, the faces slightly grooved by movement 
and coated with asphalt. Its thickness is said to vary from 
4(X) to 1,700 ft. The yield varies from about 10 to 50 
gallons of oil per ton with a specific gravity about 0-96. 
Marine fossils occur in the deposit, and thin sections show 
irregularly distributed diatom frustules associated with 
tufaceous material, unweathered felspars, &c. 

In South America oil shales have been worked a little in 
the State of Sao Paulo, Brazil, where they occur as a soft, 
light deposit, with well-developed bedding planes strewn 
with fish remains and obscure plant fragments. When fresh 
the shale is dark, but quickly turns light yellow on exposure. 
Specimens from near Antofagasta, Chile, consist of limy 
shale and limestone. 
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SCOTTISH SHALE OIL 

By G. H. SMITH, Ph.D., A.I.C., G. GRANT, F.I.C, and S, ALLEN, B.Sc., A.LC. 

Scottish Oils Ltd, 


Oil shale as found in the Lothians of Scotland is a dark 
brown to black, fine-grained solid. It is finely laminated, 
though frequently this is not apparent until it has been 
subjected to the action of heat, and, unlike the carbona- 
ceous shale or ‘blaes* of the coal measures, it does not 
disintegrate readily on exposure to the weather. Little is 
known of the oil-producing substance of oil shale to which 
the name ‘Kerogen’ has been given, but undoubtedly it 
consists of large and complex molecules, soluble to only 
a slight extent in the ordinary organic solvents, and which 
break down on heat treatment to form smaller and simpler 
molecules. Intermediate highly complex molecules are 
apparently formed during this process, and it is generally 
recognized that a gradual increase in temperature over the 
range 350 to 500° C. is necessary in the retorting of oil 
shale to obtain the maximum yield of oil by allowing the 
decomposition of the kerogen and of the complex inter- 
mediate compounds to take place at as low a temperature 
as possible. 

In the case of Scottish oil shales, decomposition of the 
organic matter begins at 350° C., the evolution of oil is 
rapid at 400° C., and at a temperature of approximately 
480° C. the evolution of oil is complete. Further increase 
in temperature results in the further evolution of gas, water, 
and ammonia, but of no oil. 

The analysis of two representative samples of oil shale 
are given: 



Dunnet Shale 

Camps Shale 


Westwood 

No. 4 Mine 


Westlothian 

Pumpherston 


0 / 

/ ■» 

% 

Hygroscopic moisture 

3-25 

1-62 

Organic hydrogen 

2-17 

2.10 

„ carbon 

14-27 

13-11 

„ nitrogen 

0-53 

0-53 

„ sulphur 

0-23 

0-25 

Carlin dioxide 

3-95 

9-80 

Silica 

41-94 

34-09 

Alumina 

17-89 

17-54 

Iron pyrites .... 

1-02 

1-52 

Ferric oxide .... 


0-80 

Ferrous oxide .... 

^-82 j 

3-96 

Lime 

3-19 

9-65 

Magnesium oxide 

1-49 

0-99 

Sodium oxide .... 

2-40 

0-45 

Chlorine (as soluble chlorides) . * 

0-20 

0-27 

Oxygen and undetermined 

3-65 

3-32 


100-00 

100-00 


The yields of products obtained when these samples were 
heated gradually to 600° C. and maintained at this tem- 
perature until the evolution of gas had practically ceased 
(Gray-King apparatus) are given in the next column. 

Retorting of Oil Shale 

The two main essentials in the retorting of oil shale are 
that the material to be distilled be heated gradually over 
the range of temperature (350 to 500° C.) within which the 
oil is evolved and that, to avoid unnecessary cracking, 
the vapours must not come in contact with highly heated 
surfaces. 



Dunnet Shale 

Camps Shale 


Westwood 

No. 4 Mine 

Products per ton of shale 

Westlothian 

Pumpherston 

Crude oil .... 

23-5 gal. 

21-7 gal. 

Gas ..... 

1,230 cu. ft. 

1,250 cu. ft. 

Ammonia as ammonium sulphate 

23-2 lb. 

27-8 lb. 

Spent shale .... 

15-8 cwt. 

16-3 cwt. 

The total volatile matter consisted 
of: 

% 

% 

Hygroscopic moisture 

3-25 

1-82 

Crude oil ... . 

9-28 

8-46 

Carbon dioxide (from carbon- 
ates) 

2-88 

3-43 

Gas and water (from organic 
matter by difference) 

5-41 

4-59 

Ammonia (NHs) 

0-28 

0-33 

Total volatile matter 

21-10 

18-63 


Distribution of Organic Hydrogen, Carbon, and Nitrogen 
in the above Products 



Dunnet Shale 
Westwood 
Westlothian 

Camps Shale 
No, 4 Mine 
Pumpherston 

Organic hydrogen : 

% 

% 

“/. 

% 

Oil 

1-12 

(52) 

1-05 

(50) 

Spent shale .... 

0-32 

(15) 

0-25 

(12) 

Gas and water (by diff.) . . j 

0-73 

(33) 

0-78 

(38) 

Total organic hydrogen . 

2-17 

(100) 

2-08 

(100) 

Organic carbon : 





Oil 

7-97 

(56) 

7-22 

(55) 

Spent shale .... 

4-88 

(34) 

4-53 

(35) 

Gas (by ditf.) .... 

1-42 

(10) 

1-31 

(10) 

Total organic carbon 

14-27 

(100) 

13-06 

(100) 

Organic nitrogen : 





Ammonia .... 

0-22 

(42) 

0-26 

(49) 

Oil 

008 

(15) 

0-06 

(11) 

Spent shale .... 

0-17 

(32) 

0-16 

(30) 

Gas (by diff.) .... 

0-06 

(11) 

0-05 

(10) 

Total organic nitrogen 

0-53 

(100) 

0-53 

(100) 


The retorting of oil shale is therefore very similar to the 
low-temperature carbonization of coal, and actually a con- 
siderable proportion of the retorts proposed within recent 
years for processing oil shale have been designed primarily 
for the handling of coal, and repeat ideas tried and dis- 
carded many years ago, in the shale industry. 

As in all low-temperature processes, the main difficulty 
in carbonization arises from the fact that oil shale is a poor 
conductor of heat and that the temperature difference 
between the retort walls and the material being processed 
must necessarily be low. In the case of externally heated 
retorts, the heat transfer will therefore be low and the 
throughput restricted. This fact, together with the necessity 
of distributing the heat evenly throughout the mass of shale 
in the retort, has been responsible for a great multiplicity 
of retorts of various designs, a summary of which is given 
below. 

Another factor of considerable importance in retorting 
is the freedom with which certain rich shales soften and 
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swell when heated, tending to agglomerate and adhere to 
the retort surfaces when processed and so interfering with 
the free passage of the shale through the retort and escape 
of the gases. Again, practically all oil shales and the spent 
shales therefrom form dust by attrition, and this is of 
major importance, particularly in the case of mechanically 
operated retorts. The evolution of dust with the oil- 
vapours, its subsequent deposition in condensers and re- 
ceivers, and the contamination of crude products resulting 
in obstinate emulsions is frequently a very serious difficulty. 

Classification of Retorting Processes. 

(a) Externally Heated Retorts, 

(1) Where a carrier is used to convey the heat from the 
heated retort surfaces to the shale and to distribute 
evenly the heat throughout the mass to be retorted, 
the two chief carriers used being steam and the pro- 
ducts of the reaction. 

(2) Where the material to be retorted is by mechanical 
means stirred to bring it into contact with the heated 
walls of the retort. 

(3) Where the material to be retorted is heated in thin 
layers. 

(b) Internally Heated Retorts. 

(1) Where the heat necessary for the carbonization pro- 
cess is supplied by the combustion of part or all of 
the residue containing carbon in the retort, the hot 
gases so generated passing through the retort in 
direct contact with the material processed. 

(2) Where gases of combustion or superheated steam 
generated outside the retort pass through the retort 
in direct contact with the material being processed. 

Of the externally heated retorts, the type which has 
attracted the greatest attention during recent years has 
been the mechanically operated rotary retorts and retorts 
equipped with mechanical stirring devices. In this case, 
difficulties arising from the fact that shale is a poor con- 
ductor of heat are to a large extent overcome. As a general 
rule, the material to be processed is either powdered or 
crushed to pieces of small size before processing, and, by 
rapidly moving or stirring the shale in contact with the 
heated walls, a much higher rate of heat transfer can be 
obtained for a given size of plant than in other forms of 
externally heated retorts and an even distribution of heat 
obtained. 

The main disadvantage in retorts of this type is the com- 
plication of plant associated with this stirring, aggravated 
by the facts that the moving parts are generally of cast iron 
or steel and that the mechanical operations are carried out 
at a fairly high temperature. The shale must be heated to 
approximately 500'' C. to obtain the maximum yield of oil, 
and normally the heated surfaces are slightly in excess of 
this. Under these conditions the yield of ammonia is small 
and no attempt is made to recover this by-product. 

Difficulties arising from the evolution of dust are nor- 
mally considerable, due to the constant stirring of the small 
material processed, and invariably special plant has to be 
introduced to deal with the large quantity of fine dust 
leaving the retort with the oil vapours. 

In the case of internally heated retorts, the most im- 
portant type is that in which the heat necessary for car- 
bonization is supplied by the combustion of the carbon 
remaining in the spent shale after the oil is evolved. The 
chief feature of this type is simplicity of design, the retorts 
being generally vertical, gravity operated, and very similar 


in essential features to the ordinary coal-gas producer, 
except that provision must be made for the discharge of 
much greater quantities of residue. 

In the vertical form of retort, air and steam pass into 
the base of the retort, which is normally the combustion 
zone, and the gases of combustion and steam pass up the 
retort in direct contact with the shale. Normally the design 
allows for a deep layer of shale in the retort so that the 
rate of increase in temperature of the shale passing down 
the retort is gradual and the temperature of the vapours 
leaving the top of the retort, low. 

Shales which intumesce in the early stage of heating or 
which would readily fuse in the combustion zone are diffi- 
cult to handle in this form of retort, but where suitable 
shales arc processed few operating difficulties are presented. 
Dust difficulties, in comparison with mechanically stirred 
retorts, are considerably less, and where the gases and 
vapours come in contact with shale at low temperatures 
moist with oil before leaving the retort, they are usually 
filtered practically free from dust. 

The main disadvantage in retorts of this type is the dilu- 
tion of the hydrocarbon gases from the carbonization pro- 
cess by the gases of combustion resulting in large volumes 
of gas of low calorific value from which the light spirit is 
difficult to extract. 

Retorting Operations. 

While oil shale and torbanite deposits are to be found 
in many countries, the most intensively developed arc those 
of Scotland, France, Estonia, Australia, and Manchuria. 

In the U.S.A. oil shales are of widespread occurrence, 
but have not yet been commercially developed. Previous 
to the discovery of petroleum in Pennsylvania there were in 
existence numerous carbonization plants processing cannel 
coal. Operations were discontinued with the introduction 
of the cheaply obtained well oils, but since 1918 a con- 
siderable amount of work has been carried out in the 
surveying and examination of the shales of Colorado, 
Utah, Wyoming, and California. These operations included 
large-scale experimental carbonization, using different 
types of retorts, a summary of which is given by M. J. Gavin 
[19, 1924]. 

In Estonia considerable development of the rich ‘Kuker- 
site’ has been carried out, these operations being de- 
scribed in another section. 

In France, while oil shales occur in many places, the only 
deposit now worked is that at Autun where operations 
have been continuous for approximately 75 years. The 
deposits include a proportion of torbanite, and it is stated 
by Abraham [1, 1920] that, unlike other shales, a propor- 
tion of bituminous matter can be extracted from these 
shales by solvents. The oil content is 8 to 10% by weight, 
equivalent to 20 to 25 gallons per ton of shale. Retorting 
operations are carried out in three benches of Pumpherston 
retorts, the retorts and method of operation being similar 
to those described later in this section. 

In New South Wales [32, 1934] a so-called oil shale exists 
in considerable quantities. This material, which is more of 
the nature of a cannel coal or torbanite, gives a high oil 
yield, the average yield of the shale processed at Newnes 
in the Wolgan Valley being approximately 100 gallons per 
ton. Operations have been carried out intermittently since 
1905, the main difficulty in processing this rich material 
being the fact that the shale softens and swells when heated, 
causing mechanical difficulties in retorting. The report of 
the Newnes Investigation Committee [32, 1934], which 
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gives an account of these operations, indicates that these 
difficulties have to a certain extent been overcome by a 
modified Pumpherston retort (the Fell retort). 

Oil shale of Jurassic age is processed at Holzheim, Wurt- 
temberg, in Germany. This shale, which is grey in colour 
and well laminated, gives a yield of 5 to 6% by weight of 
oil (equivalent to 11 to 14 gallons per ton). The retort 
consists of a horizontal externally heated rotating drum 
8 ft. in diameter by 72 ft. long fitted with a spiral guide 
to convey the shale through the retort. The shale is heated 
to 5(X)° C., at which temperature all the oil is evolved, the 
average period of carbonization being 2i hours. In these 
operations spent shale is one of the main products, being 
required locally in the manufacture of cement, and to 
obtain the required quantity, shale is also used as fuel in 
heating the retort. The throughput of the retort is 90 tons 
per day, and an equal quantity is used as fuel. The shale 
is non-fusing, and no difficulty is experienced in obtaining 
a steady flow of shale through the retort. 

At Fushun in Manchuria [29, 1930] large-scale opera- 
tions have been in progress since the beginning of 1930, 
processing the oil shale which occurs in large quantities 
there overlying a valuable seam of coal. The plant, which 
includes 80 Fushun retorts, is capable of handling 4,000 
tons of shale per day. The retort is vertical, gravity 
operated, and internally heated by gases of combustion and 
heated permanent gas. It consists of two sections, the 
upper or distillation zone and the lower or combustion 
zone, the shale passing down the retort in counter-current 
to the flow of heating gases. The throughput of the retort 
is 50 tons per day, the average yield of oil being 5-5% by 
weight, equivalent to 14 gallons per ton. The average yield 
of ammonium sulphate is approximately 30 lb. per ton 
of shale. 

In Scotland operations are now confined to the counties 
of Midlothian and Westlothian, and approximately li mil- 
lion tons of shale are processed per annum. The retorts 
operating in the Scottish shale-oil industry are based on 
the principle discovered about 1880 by Young and Beilby 
that when shale, after being heated to a temperature high 
enough for the complete evolution of the oil, is heated to 
a high temperature in a current of steam, the yield of 
ammonia is greatly increased, and that the maximum yield 
of ammonia can only be recovered when the combustion of 
the carbon in the spent shale is complete. Based on this 
principle, the modern retorts are designed to give the maxi- 
mum yield of both oil and ammonia, their chief feature 
being that two definite operations are carried out in the 
one retort : 

(1) The oil is obtained from the shale at a comparatively 
low temperature in a current of steam in the upper 
part of the retort, and 

(2) After removal of the volatile matter, the combustion 
of the remaining organic matter in the shale is carried 
out in the lower part of the retort at as high a tem- 
perature as possible and to as complete a stage as 
possible in an atmosphere of steam. 

There arc three different designs of retort in operation 
in Scotland: the Pumpherston retort, the Broxburn retort, 
and the Young and Fyfe retort. Apart from details of 
design, however, the three retorts are essentially the same, 
and there is little to differentiate them so far as yield and 
quality of the products are concerned. Of the three, the 
Pumpherston retort, which is described below, is the most 
efficient; mechanically. 


In each case the retort is vertical and gravity operated, 
the shale passing down the retort in counter-current to the 
flow of steam which, apart from being necessary for the 
combustion of the remaining organic matter in the lower 
part, acts as a carrier and distributor of heat. The rate of 
flow of shale down the retort is controlled by a mechanism 
at the base of the retort which continuously discharges 
spent shale into the hopper below. 

The Pumpherston Retort. 

The Pumpherston retort, patented in 1894, is the most 
efficient retort operating in the industry. This vertical, 
gravity-operated retort is circular in section and consists 
of five essential sections: 

(a) The charging hopper, holding 4 tons, i.e. a day’s 
supply of shale. 

(/?)The cast-iron part of the retort, 11 ft. 6 in. high, 
2 ft. dia. at the top, and 2 ft. 4 in. at the bottom. 
The vapour off-take is situated at the top of this 
section. 

(c) The firebrick part of the retort, approximately 20 ft. 
high, is 2 ft. 4 in. dia. at the top where it joins the 
metal section, and 2 ft. 9 in. at the bottom. 

00 The discharge mechanism. The charge of shale rests 
on a cast-iron table at the bottom of the firebrick 
section of the retort. On this table a curved arm 
slowly rotates, pushing the spent shale over the edge 
into the spent-shale hopper below. 

The retort is heated externally by the scrubbed per- 
manent gas from the retorting operations augmented by 
a small proportion of producer gas, the gas entering the 
heating flues at the bottom of the firebrick section and by 
a system of baffles being made to take a path upwards and 
around the retort to ensure even heating. The external 
temperature near the bottom of the retort is maintained 
at approximately 1,000'' C. with a gradual reduction to 
about 550 to 600'' C. in the metal zone. 

Low-pressure steam, usually the exhaust from the power 
plant, is admitted (at the bottom of the retort), cooling the 
spent shale before discharge and passing superheated up 
the retort. The quantity used is approximately 1,000 lb. 
per ton of shale, and as the specific heat of steam is twice 
that of shale, the steam obviously plays a very important 
part as a carrier of heat in the retort. 

The daily throughput of shale per retort is 4 tons, and 
in passing down the retort it is gradually heated to a maxi- 
mum temperature of 650 to 700° C. The oil is evolved 
over the range 350 to 480° C. in the upper part of the 
retort, and at the higher temperatures existing in the lower 
part, the remaining carbon is converted into water-gas and 
the nitrogen evolved as ammonia. The capacity of the 
heated section of the retort is 4 tons, and the average time 
taken for the shale to pass through this section of the retort 
is 24 hours. Lump shale is normally processed, the shale 
from the mines being coarsely broken to give a maximum 
size of half a brick with varying sizes downwards and with 
the minimum of ‘smalls’ or ‘fines’, as these would inter- 
fere with the free passage of the steam and vapours through 
the retort. 

The products of retorting shale are oil, ammonia water, 
and gas. The gas, however, contains appreciable quantities 
of ammonia and spirit, and these are extracted from the 
gas by scrubbing with water and oil respectively. The 
spirit-recovery plant is of conventional oil-absorption de- 
sign, except that instead of bubble-cap trays the absorption 
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towers are packed with wood in such a manner as to reduce 
to a minimum the possibility of choking by dust from the 
retorts. The equipment for denuding the gas oil of spirit 
is of the usual steam-stripper type. As the upper portion 
of the retorts, and the mains, condensers, &c., are all under 
suction, the gas contains a considerable proportion of air, 
so that the analysis of unscrubbed gas given below has 
been calculated to an air-free basis: 

Analysis of Gas 


Nitrogen 14-3 

Carbon monoxide . .61 

Carbon dioxide 31*4 

Hydrogen 38-2 

Methane . . .9 06 

Ethylene and ethane .... 0*36 

Propylene and propane 0*22 

Butylene and butane 0*16 

Cj 0*08 

C. 006 

C, 0*03 

C,-f higher 003 


ibooo 

Spent Shale. 

Spent shale from retorting operations may amount to as 
high as 80% by weight of the shale processed, and its dis- 
posal, necessitating haulage charges and the cost of ground, 
involves additional expense. In Scotland, until recently, 
the only useful purpose which these ‘bings’ of shale served 
was the filtration of works effluent. It has been shown, 
however, that first-class bricks can be produced from Scot- 
tish spent shale, and large-scale production of building 
bricks is now carried out at Pumpherston, Midlothian. 
These bricks are produced by methods resembling in some 
respects those employed in the sand-lime process. 

Spent shale can also be used for the production of 
cement, and at Holzheim, Germany, spent shale is one 
of the main products of the carbonization operations, the 
whole of the output being used for this purpose. 

Chemical Composition of Shale Oil 

Shale oil is the product of thermal decomposition of the 
organic matter ‘kerogen’ in oil shale. This kerogen has 
not, so far, been isolated. Attempts to extract this material 
with the various solvents, petroleum ether, benzene, carbon 
disulphide, chloroform, acetone, alcohol, phenol, aniline, 
and pyridine, have met with only partial success. Good 
results were reported by Gavin and Adyelotte [21, 1922], 
who extracted by organic solvents up to 10*98% of certain 
shales, or 55*8% of the distillation yield of oil. Hentze 
[26, 1922] attacked the shale Kukersite with hydrochloric 
acid followed by hydrofluoric acid, and then extracted the 
residue with chloroform, but only succeeded in isolating 
72% of the bitumen in the shale. 

McKee and Goodwin [30, 1923] and Blackburn [7, 1924] 
by distillation of shale under reduced pressure obtained an 
‘intermediate product’ between the kerogen and shale oil. 
The former showed the intermediate product to be highly 
unsaturated, that from Californian shale being completely 
soluble in sulphuric acid (sp. gr. 1-84), while that from 
Colorado shale showed 1 1 % saturated hydrocarbons (in- 
soluble in HaS 04 ). Subsequent distillations of these pri- 
mary products gave respectively 52 and 38% insoluble in 
sulphuric acid (sp. gr. 1-84). 

Botkin [9, 1921] determined the effect of distillation on 
the saturated hydrocarbon content of shale oils of three 
types — asphaltic, paraffinic, and mixed base oil — and in 


each case the distillates were more saturated than the 
original oils, this decomposition being accompanied by the 
formation of gas and coke. Successive distillations had, 
however, very little effect on the percentage of saturated 
hydrocarbons. 

The evidence leads to the conclusion that the highly 
unsaturated product from the primary decomposition of 
the ‘kerogen’ is further decomposed by heat to yield more 
saturated oils, gas, and coke, and that the nature of the 
shale oil is affected by the extent to which this process takes 
place during the retorting of the shale. The quality of a 
shale oil, therefore, depends on the nature of the oil shale, 
the design of the retort, and the temperature and rate of 
retorting. 

Shale oils are considered to consist chiefly of paraffins, 
olefines, and naphthenic hydrocarbons, together with vary- 
ing proportions of sulphur, nitrogen, and phenolic com- 
pounds. Aromatic hydrocarbons are, according to Hcllsing 
[24, 1921], present in Swedish shale oil. Several investiga- 
tors have reported the presence of aromatics in the lighter 
fractions of Scottish shale oil, but this is not in accordance 
with Bailey’s [3, 1927] findings, and recent work on this 
subject confirms Bailey’s view that aromatics are not pre- 
sent to any appreciable extent in at least the spirit fraction 
of Scottish shale oil. 

As regards the individual hydrocarbons present in shale 
oil, little is known of the heavier fractions, but some work 
has been reported on the composition of the lighter frac- 
tions, and below are given two analyses of refined spirit 
derived from retort gases when treating Scottish shale. 



i Garner 

1 Author 


(17, 1928] 

[1935J 

Paraffins ..... 

. ! 43*5 i 

42-5 

Naphthenes ..... 

. ! 9 

9-5 

Unsaturated hydrocarbons 

. i 39 

48 

Aromatics ..... 

. i 8*5 

nil 


B. Steuart [35, 1900] isolated from Scottish shale oil the 
paraffins, normal and isopentane, heptanes and hexanes, 
and possibly the naphthenes, methyltetramethylenc, penta- 
methylene, hexamethylene, and methylhexamethylene, and 
reported the presence of aromatics. Hellsing [24, 1921] 
identified the aromatics, benzene, toluene, w-xylene, and 
cumene in Swedish shale oil, and later Holmberg [28, 1928] 
confirmed this when he identified benzene, toluene, and 
xylene in the light fractions of a shale oil from a similar 
source. 

Diolefines and acetylene derivatives are also present to 
a small extent in shale oil. 

McKinney [31, 1924] from an acetone extract of New 
Brunswick shale isolated 28 hydrocarbons of the paraffin, 
naphthene, and hydro-naphthalene series. 

Sulphur. The sulphur content of shale oils varies greatly 
according to the nature of the oil shale from which it is 
produced. Scotch shale oil contains 04%, Kimmeridge 
shale oil has 4-8%, while the Ichthyol shale oils have as 
much as 3-10% sulphur. No economical method has, so 
far, been worked out to refine these high sulphur Kim- 
meridge shale oils, but Ichthyol is produced from the 
Tyrolese and similar shale oils. 

Franks [15, 1921] determined the sulphur content and 
its distribution in distillates from Colorado shale oil, and 
showed that the very light oils contain the least sulphur, 
the 20-30% cut the greatest, while the cracking which takes 
place towards the end of the distillation results in a loss of 
29’3% of the total sulphur content. 
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In the case of Scottish shale oil the lightest fractions 
contain least and the heavier fractions most sulphur. For 
example, on distilling a shale oil of sulphur content 0-41 %, 
the first 10% contained 0*18% sulphur, and each successive 
10% fraction showed a corresponding increase in sulphur, 
leaving a 17% residue containing 0*42% sulphur. The loss 
of sulphur through decomposition amounted to 20%. 

The sulphur compounds of the light fractions from 
Scotch shale oil are principally sulphuretted hydrogen, 
mercaptans, thio-ethers, and thiophens. Carbon disulphide 
is absent. 

Challenger [10, 1926] made a comprehensive study of 
Kimmeridge shale oil, and isolated and identified the 
following compounds: thiophen, 2-methylthiophen, 2:3- 
dimethylthiophen, 2-ethylthiophen, tetrahydrothiophen, 
and possibly thionaphthene. 

Nitrogen. Nitrogen is present in Scottish shale oil to the 
extent of 0*6 to 10%, depending on the shale and the 
retorting conditions. Beilby [6, 1891] showed that approxi- 
mately one-fifth to one-quarter of the total nitrogen 
present in the shale appears in the oil, but on distillation 
to coke a large proportion of this nitrogen is eliminated 
during the cracking which takes place at the latter end of 
the distillation. Bailey [5, 1927] found that the loss on 
treatment of four Scottish shale oils with sulphuric acid, 
10% strength, varied from 12 to 18%, but this loss can- 
not be taken as due entirely to nitrogen bases. 

As regards the actual nitrogen compounds present in 
Scottish shale oil, Robinson [33, 1879] and Robinson and 
Goodwin [34, 1880] identified the following bases of the 
leucoline series: CuHijN, CxaHiaN, CuHi,N, QeH,iN; 
while Garret and Smythe [18, 1902-3] isolated and identi- 
fied from the fraction boiling below 164'" C, pyridine, 
2-methyl pyridine, 2:6-dimethyl pyridine, 2:4-dimethyl 
pyridine, 2:5-dimelhyl pyridine, 2:4:6-trimethyl pyridine, 
and from the fraction above 164° C. 2: 3-dimethyl pyridine 
and 2:4: 6-trimethyl pyridine. 

The distribution of nitrogen in three samples of Colorado 
shale oil was investigated by Franks [16, 1921], who found 
these oils to contain from 1*5 to 1-85% nitrogen and that 
the heavier fractions contained by far the largest amounts 
of nitrogen. 

Phenols. Scottish shale oil has a phenol content of from 
2 to 4%. In the crude naphtha fraction of this oil Gray 
[23, 1902] detected and separated phenol, o-cresol, m-cresol, 
xylenols, and showed the presence of guaiacol. The crude 
spirit from cracking Scottish shale oils contains about 1 % 
of phenols, from which the following have been isolated : 
cresols, xylenols, and higher phenols, xylenols predominat- 
ing. Guaiacol could not be detected. 

Refining of Shale Oil 

The problem of producing marketable products from 
shale oil is complicated by the presence of nitrogen bases, 
phenolic bodies, unstable unsaturated compounds, and in 
some shale oils, such as those from the Kimmeridge shales, 
excessive quantities of sulphur compounds. These bodies 
are responsible for the discoloration, unpleasant smell, and 
gumming tendencies which are found in crude shale-oil 
distillates. 

Distillation and treatment with sulphuric acid and caustic 
soda solution are still the fundamental basis of refining 
shale oil, and although the very high acid treatments with 
consequent high losses of former days have been reduced 
to a minimum, the average shale oil only yields about 80% 
by volume of finished products. 


In any refining scheme where motor spirit is the principal 
product desired, cracking or destructive hydrogenation is 
essential. 

A method of refining which provides the greatest pos- 
sibility of eliminating the now unavoidable loss is de- 
structive hydrogenation, but while the technique of this 
process has been more or less thoroughly worked out, the 
costs are still considered to be too high to permit of practi- 
cal application. That this process offers scope for im- 
proving yields can be realized when it is considered that 
present-day methods of refining shale oil have as their 
object the removal, as far as is essential, of nitrogen bases, 
phenolic and sulphur compounds, and unstable dioletlnes, 
while hydrogenation simply replaces with hydrogen the 
elements nitrogen, oxygen, and sulphur, producing am- 
monia, water, and hydrogen sulphide which can easily be 
eliminated; the diolefines are saturated so that yields of 
close on 100% by volume can be reasonably expected. 
Another valuable feature of hydrogenation is that by vary- 
ing conditions the process can be adapted to yield products 
ranging from motor spirit to fuel oil. 

The refining of shale oil in France is effected in much 
the same manner as in Scotland, i.e. by distillation and 
treatment with sulphuric acid and caustic soda. Minor 
differences in operation exist, but in principle both methods 
are similar. Colorado shale oil derived from experimental 
retorting runs was refined by George [22, 1921], and while 
many refining agents were explored, it was concluded that 
distillation, sulphuric acid, and caustic soda gave the most 
satisfactory results. Data on the refining of oil from 
Ermclo torbanite in the Union of South Africa have been 
recorded by Blcloch [8, 1931], but here again sulphuric acid 
and caustic soda were the agents employed. 

The Newnes Investigation Committee [32, 1934] con- 
sidered various methods of refining cracked spirit from 
Australian shale oil, and concluded that for the preparation 
of a finished spirit conforming to Australian standards, 
there was no alternative to the orthodox method of treating 
with sulphuric acid and caustic soda. 

Attempts to deal with the high sulphur Kimmeridge 
shale oil have so far met with little success. 

The chemistry and refining of Estonian shale oil is dealt 
with in another contribution to the technology of oil shale. 

Refining of Scottish Shale Oil. 

In past years the refining of Scottish shale oil has been 
described in detail by various writers, principally by Steuart 
[36, 1912], Gavin [20, 1924], and Bailey [4, 1927]. The 
last-named author describes the refining operations as 
carried out in 1927 in great detail, and his paper constitutes 
a notable contribution to the technology of the shale-oil 
industry. Much of the refining equipment therein described 
is in commission to-day. 

To illustrate the various methods of refining to meet 
specific demands, the following schemes of operation are 
briefly described: 

(1) Full refining, i.e. production of motor spirit, kero- 
sine, gas oil, lubricating oil, wax, and fuel oil. 

(2) Production of the maximum quantities of motor 
spirit, i.e. complete cracking programme. 

(3) Manufacture of maximum amount of Diesel oil. 

(4) Combination of any of above schemes. 

All these processes, except the full cracking process, 
which is dealt with later, have the same preliminary opera- 
tions in common, including the fundamental features of 
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distillation, acid and soda treatment, and wax extraction. 
The full refining process is shown diagrammatically on 
page 3103, and as (3) and (4) are variations of (1), this 
diagram will serve to illustrate the preliminary steps of all. 
The diagram is that given by Bailey, but altered to in- 
corporate later developments. 

The oil products from retorting shale arc (1) crude spirit 
recovered from the gas evolved in the process, and (2) crude 
oil collected from the condensing equipment. In Scottish 
practice these two products are refined separately. 

The crude spirit from the gas contains 90-3 % distilling 
to 175"^ C., and together with the naphtha from the crude 
oil is refined with sulphuric acid (sp. gr. 1-84) and caustic 
soda, followed by redistillation and plumbite treatment. 
The refined spirit amounts to about 90% of the crude spirit 
and has a final boiling-point of 180-185° C., volatility at 
100° C. of 35%, and octane number of 58 C.F.R. (motor). 
From the heavy portion of the crude spirit various solvent 
naphthas are prepared. These naphthas, by virtue of their 
comparatively high unsaturated hydrocarbon content, are 


excellent solvents and are largely used in the rubber, lino- 

leum, paint, and cleaning industries. 

An analysis of a sample of crude shale oil is given below 

Sp. gr. at 60° F. ... 

. 0-878 

Initial boiling-point . 

. 164° C. 

Dist. to 150° C. 


„ 175° C. 

10% 

„ 200° C. . . . 

. 4-0 o/„ 

.. 225° C. . . . 

. 10-0°% 

250° C. . . . 

. 17*5°% 

„ 275° C. . . . 

. 24-5% 

„ 300° C. . . . 

. 34-5% 

Sp. gr. of dist. to 300° C. . 

. 0-824 

Residue above 300° C. 

. 64-5% 

Sp. gr. of residue 

. 0-908 

Ultimate Analysis: 

Carbon 

. 85-83% 

Hydrogen .... 

. 12-64% 

Nitrogen ..... 

• 0-74% 

Sulphur ..... 

. 0-46% 

Oxygen (diff.) .... 

. 0-33% 


The full refining of the crude oil may be conveniently 
described under the following sections : 

(1) First distillation, acid and soda treatment, second 
distillation. 

(2) Kerosine and gas-oil production. 

(3) Wax extraction and refining. 

(4) Lubricating-oil production. 

First Distillation, Acid and Soda Treatment, Second 

DistiUation. 

Crude shale oil is first subjected to a distillation to coke, 
whereby the most unstable compounds of high boiling 
range are decomposed into more saturated hydrocarbons, 
coke and gas, so that besides effecting a first separation of 
the liquid products, this distillation constitutes a first re- 
fining step. The distillation is carried out in a battery of 
five boiler stills running continuously and in scries with 
twenty-eight coking stills which are operated batchwise. 

The products of this first distillation are (1) crude naph- 
tha, (2) crude distillate, (3) shale resin, (4) coke. The first 
three amount to 96-7% of the total charge, while the coke 
accounts for 1-5%; the remainder is gas. The naphtha is 
removed and refined with the recovered spirit from the 
retort gases. The coke on account of its purity is a valuable 
product, and is used principally for making carbon elec- 
trodes for the aluminium industry. 
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The crude distillate consists of the combination of all 
liquid products with the exception of crude naphtha. This 
blending of these distillates is necessary, so that the oil is 
of sufficient fluidity to permit of acid and soda treatment 
at reasonable temperature. If the heavier fractions were 
refined separately, then to get a mobile oil and a fluid tar 
the oil would have to be heated to such a high temperature 
that the losses on acid treatment would be prohibitive. 

The acid and soda treatment of the crude distillate may 
be carried out in any conventional type of washer at a 
temperature of about 50° C. The losses incurred during 
treatment are heavy. The treated oil is next separated into 
its components, crude burning oil, heavy oil and paraffin, 
and coke, by a second distillation in a battery of boiler 
stills and ‘pot’ stills exactly similar to those employed in 
the first distillation. Steam, however, is cut off the coking 
stills during the latter part of the distillation, so that 
asphaltic bodies which would hinder the crystallization of 
paraffin wax arc cracked, thereby rendering the subsequent 
purification of wax much simpler. The loss in this distilla- 
tion is again of the order 1-2%, but the coke, since it 
contains a small proportion of soda, is unsuitable for 
industries where a pure product is required, but is an 
excellent household fuel. 

Kerosine and Gas Oil. 

The crude kerosine cut from the second distillation is 
treated with sulphuric acid (sp. gr. 1-84) and caustic soda 
solution and distilled with steam; the fractions taken off 
as distillates constitute the various grades of kerosine from 
power oil to the heaviest lighthouse grade. Continuing the 
distillation beyond the kerosine range, light gas oil is 
obtained. The losses on the acid and soda treatments arc 
very heavy, and many alternative methods of refining have 
been examined both in the laboratory and on works tests, 
to cut down this loss and at the same time to produce 
a more saturated oil and one of lower sulphur content. 

Refining by adsorbent earths, either natural or highly 
activated, or combined with acid and soda treatment, give 
a slightly better burning oil than the straight acid and soda 
process, but the comparatively large quantity of material 
necessary to give any appreciable improvement offsets the 
advantages to be derived. In the case of bauxite, which 
is one of the best earths for this purpose, 3 to 4 lb. per 
gallon are required, together with a previous light acid and 
soda wash. 

An excellent kerosine of low sulphur content can be 
prepared by extraction of the undesirable constituents from 
the buming-oil fraction by liquid sulphur dioxide. The 
method of operation is essentially that employed for petro- 
leum kcrosines with the addition of a final distillation. In 
brief the process consists of separating the kerosine frac- 
tion from the crude, washing with caustic soda to remove 
hydrogen sulphide, drying, treating with liquid SO 2 at 10 to 
14° F., washing the refined oil with acid and soda, and 
finally distilling the product, taking off 95% as kerosine. 
This final distillation is necessary, as without it the product 
contains constituents which cause excessive char formation 
on the lamp wick and consequently gives a bad burning 
test. The characteristic smell of shale oil is entirely absent 
from this product. The SO 2 extraction divides the kerosine 
into 70% refined oil and 30% extract, but unfortunately 
the extract is not of value as an anti-knock agent as in the 
case of the SO 2 extract from most petroleum kerosines. The 
light fraction of distillation range 137 to 210° C. has an 
octane number of approximately 60 C.F.R. , which is too 



SHALE OILS AND TAR OILS 


3102 

low to be of use as a blending material, nor is the heavier 
fraction of the extract of appreciable service in augmenting 
the knock rating of vaporizing oils. The SO, extract has, 
therefore, little more than fuel-oil value, which renders this 
process very costly. 

By virtue of its comparatively high unsaturated hydro- 
carbon content, shale power oil has a definite advantage 
over the corresponding fractions from paraffinic or mixed 
base petroleums in that it has a fairly hi^ anti-knock value 
and at the same time is a serviceable burning oil, a com- 
bination which is much appreciated where, as in fishing 
fleets, the same oil is used for both power and light. 

Extraction and Refining of Paraffin Wax. 

The heavy oil and paraffin fraction from the second 
distillation amounts to 50-60% of the crude oil. It has 
a specific gravity of 0*864, a setting-point of 80° F., and a 
viscosity (Redwood no. 1) of 35 sec. at 140° F. This frac- 
tion is very suitable for satisfactory processing, and is 
cooled in refrigerating plant by direct expansion of liquid 
ammonia. The paraffin wax crystallizes out from the oil, 
and the pasty mass is then pumped into filter presses at 
high pressure, so that a crude wax or ‘scale* is obtained 
as free from oil as possible, the expressed oil being termed 
‘Blue Oil*. Extraction of the scale in two stages is both 
convenient and necessary when many grades of wax are 
required. The first stage of cooling is to 32° F., yielding 
a crude hard wax; the expressed oil is then recooled to 
15-20° F. and filter pressed, giving a soft scale which can 
be refined into good-quality wax of low melting-point. The 
total scale constitutes about 20% of the heavy oil and 
paraffin. 

The refining of the crude wax must be conducted with 
great care if refined wax of the highest quality is to be 
obtained. The ‘sweating’ plant at present in use is the 
tray-type stove, designed by N. M, Henderson [25, 1891]. 
The process is carried out in sweating houses or ovens, 
which are brick buildings containing sets of large pans or 
trays with the necessary connexions, with steam pipes for 
heating, according to the well-known general arrangement 
of this plant. The melted crude wax is pumped on to the 
trays, which are partly filled with hot water, and allowed 
to solidify. The water is then run off and the house closed. 
The temperature is slowly raised, to allow the oil and low 
melting-point waxes to drain away. When the required 
quality of wax is left on the trays it is then melted by steam 
and run into receivers, ready for the decolorizing process. 

The quality of the crude paraffin scale is most important 
and must be carefully controlled. It should be of pale 
colour, and should not contain more than about 12% of 
oil, otherwise it is more difficult to obtain a good 
coloured sweated wax and excessive strainings have to be 
disposed of. The scale must also be of needle-shaped crystal- 
line structure, and to produce this the crude hard scale 
(m.p. 1 16° F.) is mixed, before sweating, with enough crude 
soft wax or strainings from previous operations to reduce 
the melting-point to about 107° F. From this mixture are 
prepared grades of refined wax of m.p. 130-135° F., 125- 
130° F., 122-125° F., 118-120° F., and 115-118° F. The 
soft scale (m.p. 90° F.) is used for the manufacture of 
grades of m.p. 110-115° F., 106-108° F., and 98-102° F. 
Both hard and soft scales produce wax of excellent quality 
when fully refined. 

The sweated wax, however, has to be decolorized to 
produce wax of high-grade marketable quality. This is 
accomplished by slow filtration of the molten sweated wax 


through a tall vertical column of granulated fuller’s earth, 
16-30-mesh grade, previously activated by ignition in a 
rotary furnace. Scottish shale wax has been successfully 
treated with prussiate charcoal, special wood-charcoals, 
and certain clays in a very finely divided condition, inti- 
mately agitated with the molten wax, settled, and filtered, 
but the best results have been obtained with fuller’s earth 
from the U.S.A. which, in various ways, is more satis- 
factory and reliable than bauxite. 

After filtration of the wax the filters are allowed to drain 
for some hours. Naphtha is then circulated to dissolve the 
wax still adhering to the filtering medium; this is recovered 
by distilling off the naphtha with steam, the solvent being 
condensed and used repeatedly. The fuller’s earth is freed 
from naphtha by steaming, and is then discharged from 
the filters and reactivated in a rotary furnace for further 
use. The loss amoimts to about 4%, only the mechanical 
loss as dust having to be compensated for by the intro- 
duction of fresh material. 

The decolorized wax is cast into cakes for candle manu- 
facture or for supplying the home and export market. The 
molten wax may either be run into air-cooled trays or into 
water-cooled moulds, the latter method being quicker and 
yielding cakes which are more opaque and smoother on 
the surface than those obtained by air-cooling. 

With regard to the composition of Scotch shale paraffin 
wax, Francis [14, 1922; 13, 1924] found that, in wax 
melting between 55 and 56 ’ C., about 80% was composed 
of seven hydrocarbons of constant boiling-point. Of the 
remainder, 8 to 10% was composed of material boiling 
between 220 and 240° C., and the amount of wax boiling 
above 240° C. (pressure 0 05 mm.) probably did not amount 
to more than 2 or 3 % . 

Lubricating Oils. 

The lubricating oils obtained from Scottish shale oil are 
of comparatively low viscosity, 55-60 sec. Redwood no. 1 
at 140° F., and arc used mainly for batching, blending, and 
as spindle oils. The dewaxed blue oil is treated with sul- 
phuric acid (sp. gr. 1*84) and caustic soda solution, and 
the lubricating-oil fractions are separated from the treated 
blue oil by distillation in a bench of boiler and coking stills 
similar to those used in the first and second distillations; 
in this case, however, it is found advantageous to add a small 
quantity of caustic soda to each coking still at the beginning 
of the distillation. The products of this distillation are: 
(1) gas oils, (2) lubricating oils, and (3) coke. The lubri- 
cating-oil cuts arc dewaxed to the desired setting-point, and 
were formerly finished by treatment with sulphuric acid 
(sp. gr. 1 *84) and neutralized by sodium carbonate solution. 
This method resulted in very high losses, trouble with 
emulsions was frequently experienced, and the finished oils 
on prolonged storage were liable to go off colour. The acid 
and soda process gave way to acid and bleaching earth. 
The unfinished oil in this case is treated with the same 
quantity of acid and then with bleaching earth, together 
with a small quantity, usually about 1%, of soda ash at 
212° F. Treatment is best effected by pump agitation cir- 
culating at high velocity through a steam heater of tube 
and shell type. The solid material is filtered off at the 
maximum temperature of the process and at a pressure of 
2(X)-50 lb. per sq. in. The filtered oil is cooled, but on 
standing overnight cloudiness develops and the oil has to 
be filtered cold before transferring to stock. Many types 
of filter-cloth have been tried to dispense with this second 
filtration, but without success. One point of difference 
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between processing this oil and the corresponding petro- 
leum oil is that lime cannot be used as the neutralizing 
agent, as this yields a much darker and less stable product. 
As compared with the acid-soda ash process, the acid-clay 
process yields a better coloured product of greater stability 
and with a lower refining loss. 

The action of many bleaching earths and clays, both 
activated and in their natural state, contacted at various 
temperatures, both by agitation and filtration, has been 
examined, and almost invariably the highly activated earths 
have been the most successful and the bleaching action of 
these materials most effective on acid-treated oils; even 
such low acid treatments as 01% increased the efficiency 
of the earth enormously. The loss on clay treatment is 
directly proportional to the quantity used, so that generally 
the most active earth is the most economical even though 

Crude naphtha 
recovered from 
retort gases 


Treated with' Crude naphtha 
sulphuric acid j j 

and caustic I | 

soda and 

distilled t i 


Spirit Solvent Residue 
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with I kcrosine 

sodium j I 

plumbitc I 

I Treated with 

Finished sulphuric acid 

motor spirit and caustic soda 

and distilled 


it be more expensive. The cost of the best highly activated 
bleaching earths is so high that many attempts have been 
made to reactivate them, but none of the processes worked 
out has been wholly satisfactory. 

The refining of Scottish shale oil, as described above, 
aims at producing the full range of products from motor 
spirit to coke. The various operations involved in this 
method of refining are shown diagrammatically below. 

Alternative Methods of Refining. 

The full refining scheme just described can be modified 
within wide limits to produce those products which are in 
greatest demand, and to illustrate the possible variations 
a few cases are considered below : 

(1) Should the maximum quantity of spirit be desired, 
all the crude oil (not including scrubber naphtha) would 
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be cracked and, as shown under the section on Cracking, 
Scottish crude shale oil yields 50 to 60% spirit, together 
with a heavy furnace oil, gas, and coke. 

(2) If wax as well as motor spirit is required, then the 
crude oil would first be distilled, the wax cut isolated, and 
the crude wax extracted, the remainder of the crude oil 
being cracked. Under these conditions, however, the wax 
is more difficult to refine and requires a treatment with 
sulphuric acid (sp. gr. 1 -84), followed by washing with soda 
ash and water. It is important to note that the hnal water 
wash must be efficient as, if any soda ash be left in the 
wax, the subsequent sweating is rendered more difficult. 

(3) To produce the maximum quantity of kerosine and 
wax, together with motor spirit, then the full refining 
scheme would be followed to the point where blue oil is 
obtained. The blue oil and light gas oil would then be 
combined and fed to the cracking plant. 

(4) Refined shale-oil distillates of suitable distillation 
range are good fuels for the compression-ignition engine, 
but care must be taken to ensure that these distillates have 
been satisfactorily dewaxed; this applies particularly to 
fuels for high-speed engines. Blue oil can either be blended 
with light gas oil, or each of these can be used alone for 
this purpose, depending on the grade of oil specified. 

Cracking Shale Oils 

Although some information is published on the yields 
and quality of products obtainable by eracking shale oils, 
most of it refers to experimental work, but in Scotland 
shale-oil cracking has been carried out extensively during 
the past 6 years. 

Egloff [11, 1928] records the results of his work on 
cracking shale oils from different sources — U.S.A. (Green 
River and Utah), Canada (New Brunswick), France 
(Autun), Australia, and Scotland. Generally this author 
gives yields when cracking to both coke and to a residuum 
fuel oil. The yields given for the shale oils studied, how- 
ever, arc not strictly comparable, as the temperature and 
pressure of cracking varied between 414 and 449'^ C. and 
120 and 175 lb. per sq. in. respectively. 

Cracking to a residuum oil the shale oils detailed above 
gave yields of spirit F.B.P. 225° C. varying from 35-2 to 
55-3%, depending on the nature of the oil, cracking condi- 
tions, and quality of residuum oil. This author also com- 
pleted a series of tests on Green River, Utah, Canadian, 
and Scottish shale oils, cracking to coke. Under these con- 
ditions the yields of refined spirit F.B.P. 225° C. recorded, 
ranged from 52* 1 to 59-6%. Egloff, working on Californian 
shale oil at lower temperature and pressure, 404° C. and 
80 lb. per sq. in., only realized a yield of 40% of refined 
spirit of the same F.B.P. 

Later, Egloff and Nelson [12, 1932] investigated the 
cracking of Manchurian shale oil, but at much higher tem- 
peratures and pressures. Again, operations both to resi- 
duum and to coke were investigated and the following 
yields obtained : 



Residuum oil 

Non-residuum 

Pressure. Ib. per sq. in. 

350 

300 

Temperature 

930-50" F. 

935" F. 

Yields: Refined spirit . 

53-6% 

67'5% 

Fuel oil . 

33-26% 



The Newnes Investigation Committee [32, 1934] dealt 
with the cracking of Australian shale oil and concluded 
from the information submitted to them that this oil could 


be cracked satisfactorily. Calculations based on figures in 
their Report indicate that when cracking to residue fuel oil 
of U.S. Bunker C. grade yields of 48% spirit and 36% of 
fuel oil could be realized; when cracking to viscosity break- 
ing only 25% of spirit together with 15% of kerosine and 
47% of fuel oil could be obtained. 

Cracking of Scottish Shale Oil. 

Cracking of shale oil as practised in Scotland is in prin- 
ciple a liquid-phase process. Crude oil and blue oil (de- 
waxed heavy oil and paraffin) can both be handled in these 
units without difficulty, giving 50-60% of spirit and 30- 
20% of heavy fuel oil. 

This low-tempcrature liquid-phase operation gives a 
maximum yield of spirit, but the spirit is of comparatively 
low octane number. Spirit of higher octane rating can be 
produced from the gas-oil and kerosine cuts by operating 
at a higher temperature either in a vapour-phase or high- 
pressure plant. Spirit production, however, under these 
conditions is much reduced. 

While no individual fractions of Scottish shale oil, apart 
from blue oil, have been processed in these commercial 
units, various fractions including blue oil have been sub- 
jected to similar cracking treatment in a laboratory auto- 
clave. The yields given below, while they do not apply to 
plant operations, are strictly comparable and indicate the 
comparative value of the cracking stocks. Cracking in all 
cases was carried out to gas and coke. The spirit yields 


refer to unrefined spirit of F.B.P. 200° C. 


Yield of cracked 


spirit^ 

Cracking stock 

% 6V volume 

Crude shale oil 

620 

Crude shale-oil distillate .... 

63 0 

Acid and soda treated crude shale-oil distillate 

65-7 

Blue oil ...... . 

65 0 

H.O. and parafTin ..... 

68-4 

Paraffin wax ...... 

78-9 

Kerosine 

8.31 


The heavy furnace oil produced in the cracking opera- 
tions referred to above is practically solid when cold, but 
can be pumped hot through insulated lines to various parts 
of the refinery for use as fuel. Further distillation of this 
material yields a small proportion of cracking-plant recycle 
oil and pitch. Softening-point and penetration of this pitch 
are naturally dependent on the extent of this distillation, 
and can be further controlled by air-blowing. By this com- 
bination pitches of softening-point up to 300° F. are pre- 
pared for special purposes. Shale pitch of softening-point 
160-170° F. is largely used as a binding agent in briquetting 
coal, while other grades can be used for road-making, or, 
when combined with spent shale or other filler, yield arti- 
ficial rock asphalts. 

Refining of Cracked Spirit. 

Compared with the spirit recovered from retort gases, 
this cracked spirit contains more sulphur, phenolic bodies, 
and pyridine bases, and is of lower octane number. 

It is interesting to note that the spirit obtained by crack- 
ing shale oil at low temperatures and pressures is a more 
saturated spirit than that recovered from the retort gases, 
and this increase in proportion of saturated compounds 
probably accounts for its comparatively low octane rating. 
Below are given the approximate composition of shale 
cracked spirit and the spirit recovered from retort gases: 
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Shale cracked 
spirit^ 

% by volume 

Spirit 
recovered 
from retort 
gasest 

% by volume 

Paraffinic hydrocarbons 

560 

42-5 

Unsaturated hydrocarbons 

320 

480 

Naphthenic hydrocarbons . 

120 

9-5 

Aromatic hydrocarbons 

nil 

nil 


The absence of aromatic hydrocarbons from either spirit 
is noteworthy. 

The most satisfactory refining agents are, once more, 
caustic soda and sulphuric acid, which are employed in 
conjunction with redistillation and a sweetening treatment. 
The initial refining process consists of subjecting the crude 
spirit to caustic soda solution, followed by acid tar, sul- 
phuric acid (sp. gr. 1-84), and finally caustic soda solution. 
These operations are carried out in a pump-orifice washery. 
The distillation of the spirit so treated is effected in a pipe- 
still bubble-tower unit. Sulphur dioxide is evolved during 
the last operation, particularly if the temperatures reigning 
are excessive, and since this gas not only rapidly attacks 
the condensing and run-down equipment, but adversely 
affects the subsequent plumbite treatment, it is removed 
by injecting a weak caustic soda solution into the spirit- 
vapour stream immediately before entering the condensers. 
The final sweetening with plumbite consists essentially of 
two stages: (1) plumbite treatment, (2) water washing, for 
both of which a pump washery is utilized, but in (1) the 
arrangements are such that the plumbite is regenerated 
in situ. 

The refining of cracked spirit from shale oil according to 
the above scheme necessitates very careful control; insuffi- 
cient refining results in a product of bad and/or unstable 
colour and disagreeable smell. 

The function of the acid treatment is principally to 
remove pyridine base compounds and polymerize or eli- 
minate gum-forming bodies such as diolefines. Too little 
acid yields an unstable spirit, having the faint, unpleasant 
odour peculiar to pyridine compounds, which is not de- 
stroyed by the subsequent sweetening process; such a pro- 
duct is usually slightly off colour, and on storage reverts 
rapidly in colour. On the other hand, too heavy an acid 
treatment is undesirable, since in such circumstances larger 
volumes of SO 2 are evolved during the distillation, with 
the adverse results indicated previously; in addition, the 
pressure distillate bottoms are black, containing free car- 
bon, and are strongly acidic, which renders them unsatis- 
factory for further cracking. 

The success of the plumbite treatment is, among other 
factors, dependent on the efficiency of previous caustic 
soda treatment. Crude cracked spirits, particularly those 
derived from cracking crude oil, have a comparatively high 
phenol content (up to 1%), and should the caustic soda 
treatment be inadequate, a portion of these acidic bodies 
comes forward in the rerun spirit to the plumbite plant. 
The result of this is twofold. 

(I) In the particular plumbite process employed the same 
plumbite solution is used repeatedly, and if the phenol 
content of the cracked spirit is high, the strength of the 
caustic soda solution decreases rapidly, lead combines with 
the phenols in the spirit and ultimately passes into the 
spirit phase. In especially bad cases this state is at once 
obvious, as the spirit is of bad colour, and when exposed 
to light deposits a heavy precipitate, but it is possible to 
get a clear water-white spirit apparently satisfactory, which. 


on being subjected to light and/or heat for a considerable 
time, becomes turbid and ultimately throws down a slight 
precipitate. Investigation has shown that in all such cases, 
if the spirit be washed thoroughly with water, these phenol- 
lead compounds arc removed as a sludge, leaving a colour- 
stable water-white spirit. For this reason a final water wash 
is an essential part in plumbite treating cracked shale 
spirits. As well as the adverse effect of processing a spirit 
of high phenol content outlined above, it need scarcely be 
stated that the lead consumption under these conditions is 
excessive. 

(2) When plumbite treating a spirit containing phenols 
in a plant where repeated circulation of plumbite is prac- 
tised, phenols are extracted by the caustic soda and oxidized 
by air (either dissolved in the spirit or drawn in during the 
process) to highly coloured bodies, which, as the plumbite 
is repeatedly used, increase in concentration until finally 
the colouring matter redissolves in the spirit. This colour- 
ing matter is distinct from that discussed in (1), in that 
a spirit so coloured does not contain lead, nor is the 
colouring matter removed by washing with water. This 
type of colour formation is accelerated by increase in tem- 
perature and by prolonged plumbite treatment, so that, to 
a certain extent, this formation of colour can be minimized 
by maintaining the temperature and lime of the treatment 
as low as possible, but it can only be eliminated by the 
complete removal of phenols from the spirit in the pre- 
liminary caustic soda wash. 

To sum up, experience has shown that the refining 
scheme given above for shale cracked spirits is satisfactory 
and economical, provided that the following points are 
observed : ( 1 ) adequate caustic soda treatment, (2) sufficient 
but not excessive acid treatment, (3) low temperature of 
distillation, (4) minimum temperature and time of plumbite 
treatment, (5) efficient water washing. 

Refinery Gases and Tars, 

Compared with petroleum refining, the losses incurred 
in producing marketable products from shale oil are high 
(this does not apply to cracking) and arc principally due 
to the formation of tars when treating the oil with chemicals 
and loss as gas (in distillation, particularly coking distilla- 
tions). 

Both cracking gases and gases from the distillation units 
contain spirit (see analyses below), and in Scottish practice 
these gases are all collected and the spirit recovered by the 
conventional gas-oil absorption process. The dry gas is 
used as fuel. 


Analvses of gases 

Cracking gas 

Gas from 
disfillaiion 
units 

Air and nitrogen .... 

% 

1-5 

9 

0 

Carbon monoxide .... 

1-5 

10 

Hydrogen 

3-9 

7-6 

Methane ..... 

49- 1 

51-0 

Ethylene 

1-2 

1-4 

Ethane ...... 

27-78 

96 

Propylene ..... 

2-77 

26 

Propane 

11-28 

5-5 

Butylenes 

1-55 

2-2 

Butanes 

4-00 

1-8 

C, 

1-85 

3-3 

c. 

0-55 

31 

c, 

0-02 

0-9 


The tars produced during refining are of two types, acid 
lars and soda tars. The free acid, amounting to approxi- 
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matcly 55%, is extracted from the former tar by repeated 
digestion with hot water and utilized in the manufacture 
of ammonium sulphate. This washed acid tar mixed with 
the soda tar is used as fuel. To bum this fuel efficiently 
requires special burners, and the tar lines must be heated 
or insulated. In a full refining scheme these tars, in con- 
junction with the dry gas, provide sufficient fuel to effect 
the various distillations involved. 

Manufacture of Ammonium Sulphate 

Essentially this process consists in liberating the am- 
monia from the ammonia liquor produced in retorting, 
combining it with sulphuric acid, collecting the ammonium 
sulphate so formed, and finally washing and drying this 
product. The ammonia liquor, which contains ammonia 
equivalent to 0*4 lb. of ammonium sulphate per gallon, is 
fed into the top of an ‘ammonia still’ which is simply a 


tower fitted with trays and bubble caps. As the liquor 
flows down the still, steam passes up removing the ‘free’ 
ammonia; the fixed ammonia, that is, the ammonia present 
as such salts as chloride and sulphate, is liberated by in- 
jecting milk of lime half-way up the tower. The steam and 
ammonia from the still pass into lead-lined vats containing 
sulphuric acid, recovered from the acid tar as indicated 
above, augmented by fresh acid. When the acid is neu- 
tralized the ammonium sulphate solution is settled, filtered, 
and transferred to a vacuum evaporator and concentrated. 
The crystals of ammonium sulphate which separate out are 
continuously removed, washed by a very weak ammonia 
solution, and dried first by centrifuging and finally by hot 
air. The finished product contains 99-8% (NH 4 )jS 04 and 
must be free from acid and dry, otherwise difficulty in 
handling, storage, and transport is experienced through the 
crystals binding together in hard lumps. 
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Fig. I. Quarrying the oil shales 


Fig. 3. Discharge end of the tunnel-oven at ‘Kivioli* 
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The Oil Shales 

In north Estonia two kinds of oil shales occur, i.e. in the 
north-west hard, black Dictyonema shale, in the north-cast 
softer yellowish-brown, so-called ‘kukersite’. The Dictyo- 
nema shale belongs to the Lower Ordovician (Tremado- 
cian) strata; its seams are about 5 metres in thickness in 
the west, but they thin out towards the east (at Narva). 
The average percentage composition of the Dictyonema 
shale is as follows: SiOa, 54*32%; AI2O3, 12*91%; FcaOa, 
0*22%; FcO, 1*61%; FeSj, 4 49%; CaO, 0*61%; MgO, 
1*08%; KgO, 7*66%; P2O5, 0*14%; SO3, 0*15%; S in org. 
compounds, 0*34%; HgO of constitution, 1*36%; C, 
9-41%; H, 110%; N, 0*65%; O, 3*82%. The yield of oil 
in the Fischer Apparatus (up to 575- C.) is 7*74% (in- 
cluding 56*2% of H2O in the distillate) [17, 1928]. 

The shale has not been used so for commercial pro- 
duction of oil. 


mined was used for production of oil; in 1934, in spite of 
the increase of raw-shale production, 41*3% of the shale 
was retorted in order to produce shale oil. An increase in 
the yield of crude oil from raw shale is noticeable as well. 

The greater portion of the shale produced (about 3(X),(X)0 
tons) is still used as under-boiler fuel. Special types of 
grates have been developed for burning of the raw shale 
[11, 1935]. 

TTie first attempts to distil the shale on a semi-large scale 
were made during the World War. Many different types 
of retorts have been used for retorting of this shale, but 
only a few have been found suitable for commercial pro- 
duction of oil. 

Retorting of the Shale 

There arc four distillation plants working at present. 
The oldest shale distillation plant in operation is that of the 


Table I 

Production of Oil Shale and Shale Oil {in metric tons) 



1925 

1926 

1927 

1928 

1929 

1930 

1931 

1932 

1933 

1934 

1, Total production 
of oil shale 

288,104 

413,719 

397,609 

446,118 

517,642 

497,955 

499,494 

501,805 

499,969 

588,958 

2. Used for retorting 

22,743 

39,601 

32,175 

69,951 1 

61,896 

54,781 

93,880 

198,205 

202,099 

243,464 

3. Crude oil obtained 

3,118 

5,784 

4,291 i 

11,866 

11,286 

10,006 

17,052 

36,595 

37,617 

46,877 


For retorting and production of oil the rich oil shale 
‘kukersite’ is used. The kukersite deposits occur in the 
Middle Ordovician strata, the whole formation attaining 
a total average thickness of 2*2 metres (excluding limestone) 
over an area of about 2,5(X) sq. km. Where the oil shale 
is typically developed, it consists of seven beds or scams, 
which are interstratified with limestone beds. Some of the 
oil-shale beds arc highly fossiliferous. The colour of kuker- 
site varies from greenish-yellow to reddish-brown. In thin 
section under a microscope the keiogen has an amber- 
yellow colour. The density of the mineral varies from 1 *30 
to 1*80. The average proximate composition of kukersite 
of first quality is as follows: moisture, 11*8; CO2, 10*7; 
mineral ash, 35*6; total ash, 46*3, and organic matter about 
42%. The calorific value of pure kerogen is about 8,900 
cal./g., and the calorific value of the raw shale is about 
3,500 cal./g. 

The ultimate percentage composition of the organic 
matter varies within the following limits: C, 76*5-76*7; H, 

9* 1-9*2; N, 0 2-0*4; S, 1 *6-2*2; Cl, 0*5-0 7; and oxygen 
(by difference), 11*1-12*2%; C/H ratio = 8*4. The solu- 
bility of the shale in ordinary solvents is very low and does 
not exceed 1*0% [5, 1922; 9, 1931]. 

In the early period of the shale-oil industry the shale was 
mined by open-cut or quarried; at present the greater por- 
tion of the shale is obtained from underground mines. 

The production of oil shale and shale oil in Estonia for 
the last 10 years is given in Table I. 

The data in Table I show the progress of shale-oil pro- 
duction in the last 10 years: in 1925 only 7*9% of the shale 
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State Works at Kohtla. The plant consists of 6 retorts of 
the producer-type, designed by J. Pintsch & Co. (Berlin). 
The throughput of a single retort is about 33 to 35 tons 
per 24 hours, the temperature of retorting about 500 to 
550° C. 

(1) The Pintsch Retort consists of a vertical cast-iron 
shaft lined with firebrick. Its external diameter is 2 metres, 
and its height 5 metres. The shale is charged through a bell 
hopper in the usual manner, and then descends by gravity 
through the producer. The gases generated in the com- 
bustion chamber at the base of the producer in the lower 
part of the retort enter the annular flues at the top of the 
combustion zone and pass into the charge undergoing dis- 
tillation. These gases, supplemented by cold permanent 
gas returned from the recovery plant, effect the distillation 
of the shale. The condensable volatile products leave at 
the top of the retorts, and pass successively through the 
cooler, exhauster, tar extractor, and condensers to the 
separating tanks. 

(2) At the ‘Eesti Kivi51i’ (Estonian Shale Oil) Company 
plant two retorts of the tunnel-kiln type are in operation. 
Each tunnel, circular in section, is about 45 metres long 
and about 2 metres in diameter. The tunnel is divided by 
sliding shutters into three sections: drying, carbonizing, 
and cooling. The shale is charged into steel tubs or 
wagonettes of rectangular form (2 x 1*2 x 1*2 metres). The 
tubs run on rails and are pulled mechanically through the 
tunnel. The tub is provided with a short flange pipe at the 
bottom. The shale rests on a false bottom or grid which 
allows the passage of volatile matter. In the main heating 
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flue running alongside the retort are placed vertical reheater 
tubes. The shale is heated by the volatile products of dis- 
tillation. For this purpose there are provided at regular 
intervals along the tunnel flanged pipes of the same dimen- 
sions as those on the tubs. At each position in the tunnel 
the tub rests immediately above the circulation pipe. The 
volatiles are forced by means of an electrically driven fan 
through the charge, then through a duct at the top of the 
tunnel to a distribution channel above vertical reheater 
tubes. From the reheater tubes the gases pass via the 
circulating fan and a short duct at the bottom of the flanged 
pipes into the tub. The surplus gas escapes by the main 
gas-pipe to the condensing plant. The shale remains in the 
retort for about 2 hours. The throughput of a single retort 
is about 240 tons a day. 

From the retort the oil vapours and permanent gases 
pass into the gas main, which conducts the volatile distilla- 
tion products to air-cooled vertical condensers. In these 
condensers the heavy and medium oil separate from the 
lighter vapours and gases. The rest of the volatiles passes 
farther to the water-cooled condensers, and finally to the 
washers. The wash oil is cooled in a refrigerator to about 
— 10° C. By this fractionating condensation three fractions 
are obtained : (i) mixture of heavy and medium oils, (ii) light 
oil, and (iii) crude benzine or motor spirit. 

(3) In addition to these two systems of internally heated 
retorts an improved type of externally heated rotary retort 
is operated by the New Consolidated Gold Fields Ltd. The 
retort, designed by T. M. Davidson, of Patent Retorts Ltd. 
(London), consists of a steel shell, 75 ft. long and 4 ft. in 
diameter, supported on rollers, and having a slight inclina- 
tion from the feed to the discharged end. The retort is 
rotated at a speed of 1 revolution in IJ min. The interior 
of the retort is provided with scrapers which move to and 
fro longitudinally and prevent the accumulation of scale 
on the inner side of the shell. The feed of shale is con- 
tinuous and automatic. In the passage through the retort 
the shale turns over many times, and the temperature of the 
charge is progressively raised until a final temperature of 
about 485° is reached. The volatile products are withdrawn 
through an offtake tube and pass into a dust-catcher 
situated near the discharge end of the retort. The hot 
residue is charged into a duct in which are fitted two valves 
(operated by compressed air) to regulate the feed into the 
heating furnace, on a special grate of which the residue is 
burnt. Operating in this way, the sensible heat of the 
residue is utilized in addition to its calorific power. To 
supplement the heat obtained from the residue, stripped 
gas is introduced at the back of the furnace. No external 
fuel is required to keep the distillation process going. A 
continuous run of a single unit for about 100 days is not 
uncommon. Two batteries of four Davidson retorts are 
now in operation. The daily throughput of a single retort 
is about 20 tons of shale [6, 1927; 14, 1930; 16, 1934; 
23, 1933]. 

The Yield of Oil 

As a criterion of efficiency of operation of a retort the 
factor of conversion of organic matter into crude oil is 
regarded by the author as the most reliable guide. On 
distillation in the ‘Fischer aluminium apparatus’ in the 
laboratory, from 65 to 70% of kerogen of a freshly mined 
unweathered shale is converted into oil. In the tunnel type 
of retorts and in the Davidson rotary retort the recovery 
of oil is about 88-92 % of the ‘ Fischer yield ’ ; in the case of 
Pintsch retorts the yield of oil is somewhat lower, i.e. 


about 78% of the Fischer yield; so, in the first case, about 
47 gal. of oil is obtained per ton of run-of-mine shale or 
about 53 gal. per ton of dry shale of the average composi- 
tion [10. 1934]. 

Properties of Crude Oils 

At the ‘Eesti Kivioli’ works and at the ‘Estlanska 
Oljeskifferkonsortiet’ Ltd. plant, both of which have tunnel 
ovens (the latter plant has been redesigned recently), the 
system of fractional condensation is applied to remove 
the oil vapours from the permanent gases, and therefore 
no crude oil as such is obtained. In Tables II and III 
comparative data are given for some of the crude oils 
obtained on commercial retorting of the shale. 

Table II 


Properties of some Crude Oils obtained from Kukersite 
by Different Methods of Retorting 


Oils 

r - _ 

B 

C 

D 

Remarks 

Sp. gr. at 15° C. 

0-946 

0-950 

1-002 

0-939 

• . 

Viscosity at 50° 
(Engler) 

1-6 

1-6 

4-7 

•• 

•• 

Flash-point 

(Pensky- 

Martens) 

o 

O 

21°' 

92° 

14° 

• • 

Unsaturation (1 
vol. oil-f 1 vol. 
benzine 1-4 
vols. of 80% 
H.SO«) 1 

41 

27 

i 

45 


Vol. percen- 
tage given ; 
average of 

two determi- 
nations 

Alkali-soluble, 
vol. % 

36 

1 

i 

34 

39 

30-6 

1 vol. of oil-b 

1 vol. of 
benzine 4- 2 
vols. 10% 
NaOH 

Moisture 

0-9 

M 

0-5 

0-8 

Water con- 
tents given in 
c.c. per 100 g. 
of oil. 

Dust or free car- 
bon, % by wt. 

002 

0-54 

0-05 

0-18 

•• 

Yield of oil, % 
(approximate 
figures) 

15 

18-20 

17-18 

20-1 

• • 


Description of Retorts 

(A) Vertical modified Scottish retort, externally heated, 
superheated steam used also, internal temperature about 
450° C.; (B) ‘Fusion’ retort; (C) J. Pintsch’s producers; 
{D) Davidson rotary retort. 

Table III 

Engler Distillation of the Shale Oils 


{Amount of oil given in c.c.) 


Temp. °C. 

A 

B 

C 

D 


I.B.P. 

83^ 

80^ 

P«9° 

55° 

Remarks 

Up to 150 

11-9 

7-7 

0-3 

10-7 


150-175 . 

6-3 

5-9 

0-1 

6-2 


175-200 . 

9-8 

4-6 

0-7 

4-5 


200-225 . 

8-1 

6-0 

3-8 

4-5 

' ’ 

225-250 . 

8-1 

5-9 

6-1 

5-8 


250-275 . 

7-0 

6-9 

5-2 

6-8 


275-300 . 

7-9 

6-4 

8-6 

8-0 


Over 300 . 

43-3 

58-6 

75-5 

58-7 

Amount of residue 
left (b.p. over 
300°) is given in 
per cent, by wt. 

• • 

Amount of 
oil taken 
in grams 

94-4 

92-2 

96-4 

94-0 
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After the installation of benzine washers in 1932 the 
specific gravity of the Kohtla (State mine) crude oil de- 
creased to 0-97-0-98 at 20° C. 

Properties of unrefined oils from the tunnel retort arc 
as follows: 


1 . Mixture of Heavy and Medium Oils. 


specific gravity at 15® 

. 1-01 

Viscosity at 50® 

. 7 0-7-8® E. 

Insoluble in normal benzine 

. about 10% 

Mineral substances . 

. 0 01-0 02% 

Moisture 

. 6-4®% 

Engler distillation: 


Up to 200® . 

. 10-2-0% 

200-300® 

. 16-17% 

300-360® 

. 44-52% 

2. Light Oil. 


Specific gravity at 15® C. . 

. 0-830 

Sulphur .... 

. 0-90% 

Phenols .... 

. about 6-5 % 

Unsaturated compounds . 

. about 30% 

Engler distillation : 


I.B.P 

. 64® C. 

Up to 100® . 

. 2-0-3 0% 

100-125® 

. 80-10-0% 

125-150® 

. 130-150% 

150-185® 

. 170-230% 

185-200® 

. 7-6-8-8% 

200-220® 

. 10-4-12-0% 

Residue (above 220®) 

. about 33 % 

3. Crude Benzine {Gasoline); gas benzine not included. 

Specific gravity at 15® C. , 

. 0-767-0-770 

Sulphur .... 

. 0-72-0-74% 

Unsaturated compounds . 

. about 28 % 

Engler distillation: 


I.B.P 

. 48® C. 

Up to 100® . 

. 21-5-25-3% 

100-125® 

. 21-7-23-8% 

125-150® 

. 18-8-19-4% 

150-185® 

. 15-0-16-0% 

185-200® 

. 4-3-4-6®% 

200-220® 

. 5-4-5-6% 

Marketable Products 

At present the most valuable product of the crude shale 
oil is motor spirit or benzine (gasoline). The other pro- 
ducts are: (i) impregnating oils, (ii) Diesel oil, (iii) fuel oils, 
(iv) shale asphalts or bitumens, and minor products of the 
industry, e.g. phenolates, insecticides, &c. The main pro- 
ducts of the State oil-shale industry prior to the installation 
of the cracking plant have been as follows: 

1. ‘Motornaphta’, or Diesel oil, which is obtained from 
the crude oil by distillation. The distillate is neutralized 
and the lower boiling constituents removed by steam. The 

properties of this product are: 


Flash-point (Pensky-Martens) 

. over 60® C. 

Viscosity at 50® C. . 

. 10-1-3® E. 

Specific gravity at 15® 

. 0-9.3-0-95 

Sulphur .... 

. about 0-9 % 

Coke (crucible-test) . 

. 3-4% 

Calorific value 

. 9,700-10,000 cal. per. g. 

Distillation Test: 


Up to 200® C. 

. 5-8% 

200-250® C. . 

. 15-20®% 

25Ck-300®C. . 

. 20-30% 

300-360® C. . 

. 30-40% 


2. Pitch is the distillation residue of the crude oil and 
has a melting-point of 70 to 90° C. The properties of this 
product are dependent on the method of distillation. 

A part of the crude oil is subjected at present to ‘air 
blowing’ to produce three grades of heavy oils and five 
grades of bitumen or blown asphalts. 

3. Estobitumens A, B, C, D, and E. The blowing of the 
oil is carried out in stills of 8 to 10 tons capacity. The hot 
bitumen is passed into special tanks from which it is poured 
into barrels. 

On blowing, about 10% of the crude oil is obtained as 
distillate and about 80% forms bitumen. 

Properties of Estobitumens A, B, C, D, and E 

Melting-points (Kracmer-Sarnow) . 18-65® C. 

Specific gravities .... 1-07-1 09 

Solubility in CS, .... 98-5-99-5% 

Solubility in CCl* .... 98-9% 

Sulphur . . . . .0-9% 

Mineral ash 0-3-0-5 % 

Flash-points 180®-220® C. 

Coke 25-35% 

The Estobitumens A, B, C are used in road-making as 
surfacing tars and asphalt mastic. The products which 
have higher melting-points are used in the manufacture of 
roofing paper. Some other products are also manufactured 
from bitumen. 

4. Phenolate is obtained from crude oil by treating the 
oil with 5 to 10% caustic soda solution. The phenolate is 
used as disinfectant and for the preservation of timber and 
railway sleepers. 

A certain amount of the crude oil is still treated on the 
same lines. Since 1930 a small cracking unit has been 
working in connexion with the Pintsch retorting plant. The 
oil is cracked in liquid phase under a pressure of about 
40 atm. (585 lb.) at about 410° C. The yield of cracked 
benzine is about 13%. The asphalt-like residue is some- 
what similar to the softer grades of blown bitumens. 

The refining of light distillates consists of treatment with 
sulphuric acid and alkali-plumbite solution (at State works 
and ‘Kivioli’), and of treatment with sulphuric acid and 
caustic soda and nitrate solution (at the refinery of 
N.C.G.F. Ltd.). Three grades of benzine are produced: 
(i) light or avio-benzine (Estoline ABA), sp. gr. 0-735 at 
15715°, F.B.P. 190°, boiling below 100°, 40% ; (ii) ordinary 
motor spirit: the product of N.C.G.F. Ltd. is called ‘Con- 
soline’, sp. gr. 0*747 at 15°/ 15°, 28% boiling up to 100°, 
and that of ‘Kivioli’ ‘Estoline ABT, sp. gr. 0-740-0-750, 
F.B.P. 200°; and (iii) heavy benzine, sp. gr. 0*789, for 
blending and as tractor fuel. 

The octane number of avio-benzine is 75-7, and that of 
the ordinary grade about 70-4. 

Cracking and Hydrogenation 

The crude shale oil has been cracked by various systems 
of cracking. The Dubbs process yielded 42-7% of benzine, 
200° end-point, of 73 octane number, on cracking of 
N.C.G.F. Ltd.’s crude [2, 1933]. Somewhat higher yields 
of benzine were obtained from the same crude by the Car- 
burol process. 

The hydrogenation of kukersite oils on a laboratory scale 
has been studied both in Estonia and in the U.S.S.R. Up 
to 70% of gasoline has been obtained from the crude oil 
by repeated hydrogenation [12, 1932; 15, 1927; 18, 1932]. 
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Chemical Composition of Crude Shale Oil 
and its Products 

The elementary composition and calorific value of crude 
oils are given in Table IV below: 

Table IV 


Elementary Composition of Crude Oils 


Company 

Sp. gr. 
20^IJ5° 

1 

Composition % | 

Calorific 
value 
cal. per g. 

C 

H 

O+N 

S 

N.C. Gold Fields 

0-940 

82-9 

10-6 

5-8 

0-7 

9,750 

Ltd. 







‘KiviSli’ A.-O. . 

0-945 

83-6 

10-6 

5-2 

0-6 

9,830 

State Works 

0-998 

83-0 

9-7 

6-4 

0-9 

9,455 


The mean molecular weight of the crude oil in benzene 
is about 270. 

The ‘synthetic crude’ of Kivioli was obtained on mixing 
the fractions in proportion corresponding to the actual 
yield of cuts on fractional condensation. The gas benzine 
is not included in the crude oil of ‘Gold Fields’. 

The nitrogen content of the State Works’ crude oil is 
0-25 %, and of other elements, traces of chlorine (01 7o) 
have been found in the oil. 

As an average a crude oil contains: neutral compounds 
74-5%, phenols 22*5 %» acids 2-8%, and bases 0-27o. Only 
traces of paraffin wax have been found in the crude oil, 
which is a typical asphalt-base oil. 

The percentage distribution of phenols and acids in frac- 
tions of crude oil is given in Table V. 

Table V 

Distribution of Phenols and Acids in Shale Oil 


Boiling range 
under 8 mm. 
Hg, ‘•C 

Phenols^ % 

^cids, % 

150-175 

19-4 

2-1 

175-200 

26-5 

5-2 

200-225 

31-9 

1-7 

225-250 

35-2 

1-5 

250-275 

22-7 

1-4 

ns-m 

18-9 

1-4 


The percentage of phenols seems to be highest in the 
fraction 350-375'' (atm. pressure), amounting to about 
10% of the crude [16, 1934]. 

TTie distribution of sulphur and bases in the fractions 
of crude oils is given in Table VI. 


Table VI 

Distribution of Sulphur and Bases in Crude Oils 


Fractions^ 

°C. 

Sp. gr. 

s, % 

Bases, % 

Up to 175 

0-7557 

1-26 

0-18 

175-200 

0-8438 

1-11 

0-42 

200-225 

0-8808 

1-08 

0-48 

225-250 

0-9224 

0-97 

0-52 

250-275 

0-9509 

0-80 

0-59 

275-300 

0-9589 

0-74 

0-38 

300-325 

0-9589 

0-78 

016 

325-350 

0-9904 

0-78 

0-08 


The percentage of sulphur is highest in the light fractions 
of all crude shale (kukersite) oils: the fraction of light oil 
b.p. 140-170° contains 1-5% of S. The bases have been 
determined in the fractions of the State Works’ crude oil, 
whereas the sulphur was determined in fractions of a crude 
oil obtained on small-scale distillation, but this does not 
alter to any considerable extent the values in Table VI 
[22, 1925; 4, 1927]. 

Hydrocarbons 

The chemical nature of lower boiling fractions only has 
been studied thoroughly; no individual compounds have 
been isolated from higher boiling fractions of shale oil. In 
the lower boiling fractions the unsaturation increases al- 
most in parallel with the rise of boiling-point. In the case 
of an unrefined light oil from tunnel-retort the fraction 
boiling up to 70° contained: 254% of unsaturated and 
12*7% of aromatic compounds, the fraction 100-105°, 
29-2% of unsaturated and 15-3% of aromatic compounds, 
and the fraction 170-175°, 24*8% of unsaturated and 
13-1 7o of aromatic compounds. Of saturated (normal) 
hydrocarbons the following have been isolated from the 
light shale oil: CeHi 4 , C 7 Hie, CgHjg, CgHgo* C 10 OH 22 . The 
presence of naphthenic hydrocarbons in the shale oil has 
been reported [1, 1932]. 

The elementary composition of a shale gasoline, sp. gr. 
0 7 1 29 at 20°/ 1 5°, has been found to be as follo>ys : C, 85 *3 % , 
and H, 14'267o, which corresponds to a formula C„H 2 „. 

Some data on the composition of higher fractions of the 
neutral oil (a crude oil from which the acids, phenols, and 
bases have been removed) are given in Table Vll below. 

As is evident from Table Vll, the higher fractions of the 
shale oil contain some neutral oxygen compounds; quali- 
tative reactions have proved the presence of ketones [3, 
1930]. 

Phenols 

Only traces of phenol, CgHaOH, have been found in the 
oil. From the fraction of the crude oil, b.p. 230-270°, (?-, 


Table VII 

Composition of Higher Fractions of Neutral Oil 


Fractions under 

8 mm. Hg, ®C. 


Solubility in 
H,SO., vol. % 

Solubility in 
dimethyl- 
sulphate, 
vol. % 

Ultimate composition % 

Mol. weight 

[ 

Per cent, of 
asphaltic matter 

Iodine value 

Per cent, 
of coke 

Viscosity at 

SOP C. (Bigler) 

C 

H 

S 

Cl 

0 

150-175 

0-9082 

45-9 

29-3 

85-35 

11-51 

103 

0-15 

1-96 

197 i 


114-2 

0-22 

1-80 

175-200 

0-9515 

62-5 

41-4 

84-19 

10-49 

Ml 

0-21 

4-00 

234 


131-2 

0-26 

1-48 

200-225 

0-9854 

69-2 

40-5 

84-03 

9-92 

1-09 

0-26 

4-70 

271 

0-03 

98-7 

0-44 

3-23 

225-250 

1-0020 

75-6 

39-3 

84-09 

9-98 

1-15 

0-29 

4-49 

283 

0-19 

111-3 

,1-08 

6-90 

250-275 

1-0126 

89-2 

26-7 

84-36 

9*87 

0-97 

0-21 

4-59 

330 

0-15 

128-2 

1-82 

23-5 

275-300 

1-0218 

93-5 

20-6 

84-33 

9-71 

0-69 

0-18 

5-09 

352 

0-23 

120-4 

4-78 

41-6 
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W-, and /j-cresols, and 1 : 4: 2-, 1 : 3 : 4-, and 1:2: 4-xylenols 
have been isolated. Of cresols the m-isomer predominates 
[7, 1927; 19, 1924]. 

The presence of phenol ethers of guaiacol type in the oil 
has been proved. 

The crude phenols and phenoxides possess a high dis- 
infecting power, and have proved to be suitable for im- 
pregnating timber, &c. [20, 1929; 21, 1926]. 

Acids 

The acid content of two fractions of shale oil has been 
investigated: (i) the fraction boiling up to 200°/90 mm. Hg 
with about 2% of acids, and (ii) the fraction b.p. 175- 
225740 mm. Hg which contains about 2 4% of acids. 

The mixture of acids of the first fraction is an oily 
reddish-brown liquid having a smell of lower fatty acids. 
Its properties are as follows: sp. gr. 0*964; «, 1 4517; I.B.P. 
173°; about 70% of acids distils below 250°. Of the mixture 
87*8% is soluble in petroleum ether (A), of which 29*7% 
is volatile with steam (C), and 70*3% non-volatile (D). 
The fraction C contains 29*3% of water-soluble acids (H) 
and 70*7% of non-soluble acids (G). Of the portion in- 
soluble in petroleum ether, 3% is volatile with steam (E), 
and 97% is non-volatile with steam (F). 

The composition of these fractions is given in Table VIII. 


Table VllI 

Ultimate Composition of Acids 


Fractions 

Average 


Mean 

(sec scheme 

C 

H 

Iodine 

mol. 

above) 

% 

% ! 

value 

wt. 

A 

66*11 

10*39 

53*4 

136*3 

D 

67*33 

10*10 


145*2 

E 

F 



1*70 

64*5 

} 84*0 

G 

62*69 j 

i6*’39 

38*2 

115*1 

H 

60*83 1 

9*73 

43*0 

110*9 

Mixture of 

66*14 

9*74 

72*6 

131*2 

acids 






The acids of the second fraction, i.e. b.p. 175-225740 
mm., form a dark reddish viscous liquid of sp. gr. 1*0374/ 
20°, the iodine value of the acids was 85*3, and their com- 
position was: C, 71*34%, H, 10*76%, O, 17*84%. About 
45% of the acids is volatile in steam; the steam-distilled 
acids have a peculiar odour and yellow colour; they con- 
tain C, 68*42%, H, 10*76%, O (by diff ), 20*82%. The non- 
volatile acids are consequently richer in carbon. Properties 
of these acids are shown in Table IX below. 

The acids of kukersite oil seem to be chiefly saturated 
and unsaturated aliphatic acids. 

Bases 

The pure bases separated from the shale oil form a red- 
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dish liquid, with a quinoline-like odour, sp. gr. 0*9731 at 
15°, /I, 1*539/19°. The mean ultimate composition of the 
bases was as follows: C, 81*54%, H, 9*59%, and N, 8*59%. 
The bases belong to the derivatives of pyridine and quino- 
line [8, 1930]. 

Gum Formation and its Prevention 

Because of the unsaturated character of kukersite oils 
the problems of autoxidation and gum formation have been 
studied to some extent. It is worthy to mention that the 
formation of crystalline oxidation products in light oils 
along with the formation of liquid gum has been observed 
[8, 1930]. 

Many inhibitors have been applied with success for 
the stabilization of benzines. 

Physical Properties of the Oils 

The most important physical constants of crude shale 
oils and their fractions have been determined. Some of the 
values arc given in Table X [13, 1930]: 

Table X 


Coefficients of Expansion, Specific Heats, Latent Heats of 
Vaporization, and Surface Tensions of Shale Oils 


Fractions, 

"C. 

Mean coeff. 
of expansion 

Sp. heat 
20° C. 

Latent heat of 
vaporization, 
cals. 

Surface 
tension 
<^10 mg.lmm. 

Up to 150 . 
150-175 
175-200 
200-225 
225-250 . 

250-275 
275-300 
Kohtla crude 
oil 

Davidson 
crude oil 

0*0009712 

0*0009523 

0*0009393 

0*0009027 

0*0008677 

0*0008226 

0*0007716 

0*552 
} 0*548 

0*504 

0*507 

0*500 

0*502 

0*504 

70*8 

69*0 

69*8 

68*4 

60*4 

60*2 

56*4 

2*802 

2*824 

2*818 

2*876 

2*931 

2*899 

2*868 

3*38 

2*88 


Summarizing the data obtained on chemical investiga- 
tion of kukersite oils, one may come to the following con- 
clusions : (i) the majority of compounds present in kukersite 
oil have been isolated also from normal crude petroleum. 
The neutral compounds of kukersite oil (chiefly hydro- 
carbons) correspond closely to the neutral constituents of 
petroleum, especially to those found in asphalt-base oils; 

(ii) on the other hand, the crude shale oil contains many 
constituents which are also found in low-temperature coal 
tars, viz. cresols, xylenols, unsaturated hydrocarbons, &c. ; 

(iii) but in addition to this the shale oil contains many 
constituents which so far have not been found in low- 
temperature coal tars, viz. phenolic ethers, polyphenols, 
fatty acids, &c. The shale oil might be regarded as a source 
of raw materials for the chemical industry in the future. 


Table IX 


Properties of Acids of the Fraction 175-225'' jdO mm. 


j 

Fractions, ®C., 
120 mm. Hg 

Specific 
gravity 
at 17° C. 

Refractive 
indices at 

17° C. 

Acid 

numbers 

Iodine 

numbers 

Average 

empirical 

formula 

1 

J 

Basicity 

calc. 

Per cent, of 
acids, Ag-salts 
soluble 

Iodine numbers 
of acids in the 
previous column 

200-210 

0*9667 

1*4637 

352*9 

59*2 


1*02 

16*8 

67*3 

210-220 

0*9808 

1*4749 

333*0 

65*5 


1*01 

15*8 

85*6 

220-230 

1*0030 

1*4886 

304*5 

68*4 

C|Q.gHjo*s^a 


17*2 

93*4 

230-240 

10193 

1*5051 

294*6 

72*2 


0*97 

17*3 

98*4 

240-250 

1*0304 

1*5105 

273*2 

81*3 


1*03 

18*2 

108*1 

250-260 

1 0446 

1*5261 

250*3 

105*7 


0*96 

18*5 

133*7 
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APPENDIX 


During the years 1935-6 the shale oil industry has 
undergone a rapid expansion: 

(i) Eight new retorts of simplified Pintsch-type have 

been erected at the State plant at Kohtla, giving 
an additional throughput of about 300 tons of 
shale per 24 hours. 

(ii) Two more tunnel ovens have been added to the 


existing plant of ‘ Kividli each capable of treating 
about 400 tons of shale a day. 

(iii) The Swedish plant of the ‘Estlanska Oljeskiffer- 
konsortiet’ at Sillamagi, which had been standing 
idle for many years, was redesigned and recon- 
structed, and is now again in operation. 

The production of oil shale in 1936 was 766,410 tons, 
and the production of shale oil 63,456 tons. 
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LOW-TEMPERATURE TAR OILS 

By J. G. KING, Ph.D., A.R.T.C., F.I.C. 

Chief Chemist, Fuel Research Station, Greenwich 


The yield, and to an extent the chemical nature, of low- 
temperature tar is affected by the type of carbonization 
process used. By low-temperature carbonization, however, 
is inferred a process in which the coal is not heated to a 
temperature greatly in excess of 600° C., so that the tars 
as a class differ markedly from those produced in the 
high-temperature carbonization processes of gas and 
coke manufacture. Low-temperature tars differ in pro- 
perties according to the type of coal carbonized and the 
carbonization system used, but these differences are small in 
comparison with their divergence as a class from high- 
temperature tars. The greater proportion of low-tempera- 
ture tar is made by one process only, but, owing to the 
attention which has been paid to experimental plants, a 
good deal of information is already available as to the 
properties of tars produced by a number of other processes. 

Yield of Tar OU from Coal 

The yield of tar and therefore of tar oil is influenced by 
the temperature of carbonization, the nature of the coal, 
and the type of retorting system. The influence of tempera- 
ture in one retorting system has been investigated at 
the Fuel Research Station [5, 1931] using three bituminous 
coals of widely different character. The yield of tar was 
found to reach an optimum at about 550° C. in each case. 
In order to illustrate this the results obtained with coal from 
the Barnsley seam [5, 1931] are given in Table I, calculated 
to yields per 100 parts of dry, ash-free coal. The yield of tar 
increases from 4-2% at 400° C. to 8*7% at 550° C., and then 
decreases to 8-2% at 600° C. The pitch content of the tars 
increases from 25-2 to 34*7 and 40-7%, so that the yield of 
tar oil shows the same definite optimum as the yield of tar. 

Table I 

Influence of Temperature of Carbonization on the Yield of 
Tar and Tar Oil 

(per cent, by weight of ash-free dry coal, ‘Dalton Main* Coal — 
Barnsley Seam) 


Temperature, ° C. 

400 

450 

500 

550 

600 

650 

Total tar . 

4-2 

60 

7-6 

8-7 

8-2 

7-4 

Sp. gr. at 15® C. 

0-96 

0-98 

0-99 

102 

L04 

108 

Oil to 170® C. . . . 

0-45 

0-60 

0-68 

0-52 

0-52 

0-62 

Oil 170-360° C, . 

2-83 

3-57 

4-82 

5-29 

4-72 

3-76 

Pitch and loss 

0-92 

1-83 

210 

2-89 

2-96 

304 


The other two coals behave similarly; in fact the yield 
curves of tar, tar oil, and tar acids have the same general 
shape for all three coals. The curves for the ‘Dalton Main’ 
coal only are shown in Fig. 1 . The optimum points for tar, 
tar oil, and tar acids occur about the same temperature 
(550° C.). The yield of tar spirit decreases above 700° C. to 
a low figure. The pitch content of the tar increases steadily, 
but the amount produced shows a maximum between 600 
and 700° C., owing to the decrease of tar yield above this 
temperature. In order to realize a high yield most systems 
of low-temperature carbonization operate at a temperature 
of 550-650° C. The yields of tar and tar oil at the optimum 


temperature from the three coals examined were as follows, 
per cent, of dry, ash-free coal. 


Coal 

Parkgate 

Barnsley 

Warwick 

Slate 

Oxygen content, % . 

5-2 

6-8 

12-8 

Tar yield, % . . . . 

90 

8*7 

101 

Taroil.®/„ .... 

6-5 

5-8 

7-6 

Tar acids, % . 

1-66 

1-71 

301 



Fig. I. Yields or Tar Products at different 
TEMPERATURES OF CARBONISATION 
FROM Dalton Main Coal 

Speaking generally, bituminous coals of higher oxygen 
content tend to give higher yields of tar oil owing to the 
greater amount of tar acids produced. If the comparison 
be widened to include other types of coal, a general con- 
clusion is arrived at that the yield of tar increases with the 
percentage of volatile matter in the coal. Particularly high 
yields are obtainable from certain special types of coal such 
as cannel. The nature of the tar oil also varies with the 
type of coal; perhaps the most important variation is the 
increase in the proportion of tar acids with increasing 
oxygen content. The Warwick Slate coal, containing 12-8% 
of oxygen, yields 3 01 % of tar acids, and the Parkgate coal 
(oxygen 5*2%) only 1-66%. 

These differences, which can be attributed to the coal, 
tend to confuse any comparison which can be made of the 
effect of different retorting systems in that the data available 
refer in every case to a different coal. Low-temperature 
carbonization processes can, however, be classified into 
types, and an idea of the kind of tar to be expected from 
each type can be obtained from the results of tests by the 
Fuel Research Board, due allowance being made for simul- 
taneous variation of the type of coal used. The data from 
five types of plant are given in Table II. 

Taking all the above factors into consideration, it may 
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Table II 


Effect of Carbonizing Plant on Tar Produced 


Piant 

Parker 

Fuel 

Research 

Station 

Maclaurin 

Turner 

• L. & n: 

British Coal 
Distillation 

Co. Ltd. 

Method of heating 

External 

External 

Internal, 
using gas 

Internal, 
using steam 

Internal, 
using gas 

Coal charge 

Static 

Continuous 

Continuous 

Continuous 

Continuous 

Approximate temperature of carbonization, ® C. . 

650 

600-650 

300 (top)- 

590 

670 

Coal used 

* Dalton 

* Dalton Main 

1,000 (btm.) 
Virgin seam 

Ell scam 

Mixture of 


Main * 

(S. Yorkshire) 

(Scotland) 

(Scotland) 

Nether Lount, 

Oxygen content of coal, % of ash-free dry coal 

(S. Yorkshire) 

6-8 

6-8 

10-3 

111 

Middle Lount, 
Upper Roaster, 
Lower Roaster 
seams 

(Leicestershire) 

12*6 

Dry tar, % by wt. of a-f-d-coal .... 

8*8 

91 

8-4 

9-7 

60 

Gas spirit, „ „ . . . . 

0*6 

0-5 

0-5 

0-7 

0*5 

Tar oil, „ „ . . . . 

4*5 

5-3 

5-4 

6-2 

2-5 

Pitch, „ „ . . . . 

4-3 

3-8 

3 0 

3-5 

3-5 

Tar acids, „ „ . . . . 

1-5 

10 

20 




be deduced that, from the type of coal which will be most 
commonly used for low-temperature carbonization, a yield 
of tar of 18*5 gallons per ton of dry, ash-free coal may be 
expected. In addition, about 2 0 gallons of spirit will be 
recoverable from the gas by washing. This total yield of 
20*5 gallons is divisible into 

Cal. 


Gas spirit 2 0 

Tar spirit to 170® C. .1-5 

Tar oU 170-360® C. . . . 10-5 

Pitch 80 0 lb. 


Special outlets for tar products have been suggested by 
the researches of G. T. Morgan [9, 1932] who has shown 
(1) that satisfactory synthetic resins can be made from low- 
temperature tar phenols, (ii) that the phenolic fraction of 
high boiling-point is a good wetting agent for such purposes 
as the mercerization of cotton, and (iii) that the ‘resinoids’, 
which amount to about 7% of the tar, form a suitable base 
for paints, stains, and lacquers. 

Motor Spirits 

As shown above, low-temperature carbonization pro- 
cesses make available up to 3 *5 gallons of crude spirit. This 
spirit corresponds to the crude benzole produced by high- 
temperature carbonization processes, but differs from it 
markedly in composition. The Fuel Research experiments 
[5, 1931] have shown that the gas spirit is greatly altered 
by the temperature of carbonization. 


Percentages by weight 


Carbonizing temperature^ ® C. 

500 

550 

600 

650 

Unsaturated hydrocarbons 

28 

31 

20 

22 

Aromatic ,. ... 

14 

19 

37 

42 

Saturated „ ... 

58 

50 

43 

36 


Between 550 and 600° C. the proportion of aromatic 
hydrocarbons begins to increase rapidly. The proportions 
of benzene and toluene at 500° C. are 7*1 and 4*4 respec- 
tively, while at 650° they are 24*3 and 14*0. Since this is the 
normal temperature used in low-temperature carbonization 
processes it will be realized that the composition of low- 
temperature spirits may vary widely. The proportion of 


unsaturated hydrocarbons decreases as the temperature 
rises. 

Variations of composition are also caused by the type of 
coal used, but these are less marked. The range in six coals 
examined in Fuel Research experiments is 



L.-T. gas 
spirit 

L.-T. tar 
spirit 

Blend 

Petroleum 

spirit 

Aromatic hydrocarbons 

16-30 

33-52 

24-40 

22 

Unsaturated „ 

20-42 

16-38 

18-40 

3 

Saturated hydrocarbons 

38-51 

24-31 

34-43 

75 


The high percentage of unsaturated hydrocarbons makes 
the crude spirits unstable even in the dark, the freshly 
distilled spirit rapidly assuming a dark-brown colour and 
depositing a brown gum. The spirits are, however, amen- 
able to refining by the ordinary process of washing with 
sulphuric acid and water. D. Hicks and J. G. King [6, 
1931] have examined the spirits produced by the Fuel 
Research process of continuous carbonization in a vertical 
retort. The maximum temperature of carbonii^ation was 
625° C. 

Although the spirits recovered from the gas and from the 
tar by distillation might be marketed as a blend, they were 
examined separately in this research. Satisfactory spirits 
were produced by washing with caustic soda to remove dis- 
solved hydrogen sulphide and small amounts of phenols, 
with sulphuric acid of 80% strength, water, caustic soda 
again, and finally with water. In the case of gas spirit it was 
usually necessary to use acid in two stages, the first stage 
sometimes being of 60 to 70% strength, in order to avoid 
overheating. During the final distillation of the refined 
spirits some were found to colour if heated above 130° C., 
while steam distillation at 100° C. gave a water-clear 
spirit. 

Despite the high proportion of unsaturated hydrocarbons 
in the spirits the loss on refining is not excessive, since only 
a small proportion of these, probably the diolefines, must 
be rcinoved. The losses, 16% for gas spirit and 13*5% for 
tar spirit, are, however, high in comparison with those for 
petroleum spirit. The constituents, other than the phenols, 
which are removed are shown by the following analyses 
to be mainly unsaturated hydrocarbons with less than 2 % 
aromatic hydrocarbons. 
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Effect of Refining on Crude Low-temperature Spirit 
(per cent, by weight of crude spirit) 



Unsaturated 

hydrocarbons 

Aromatic 

hydrocarbons 

Saturated 
hydrocarbons 
and naphthenes 

Crude gas spirit . 

460 

164 

37-6 

Refined gas spirit 

37-6 

14-6 

37-6 

Crude tar spirit . 

41-8 

36-5 

21-7 

Refined tar spirit 

29-2 

37-6 

21-7 


The refined spirits form a blend which is a satisfactory 
fuel for the internal combustion engine. The more volatile 
spirit has been shown to be suitable for aviation purposes. 
The freshly refined spirits contain no dissolved gum, but 
during storage gum forms steadily, reaching about 30 mg. 
per 100 ml. after about 200 days, but without change of 
colour. Peroxide formation also takes place on storage 
to the extent of about 0006 g. of oxygen per 100 ml. spirit 
in 200 days. The peroxide formation takes place in the 
gas spirit only. 

In the Fuel Research experiments the H.U.C.R. of cer- 
tain spirits was examined during storage in glass. The 
ratio decreased from an average of 7*3 (octane number > %) 
by about 0-4; in the same period petroleum spirit would 
show a negligible decrease. 

The properties of typical spirits in comparison with a 
petroleum spirit are given in Table III. 

Table III 


Properties of Low-temperature Carbonization Spirits 



B.P. Mo. 1 
petrol 

L.T. 

tar spirit 

L.T. 

gas spirit 

Ultimate analysis: 



87-26 

Carbon .... 

8606 

88-55 

Hydrogen 

13-78 

11-41 

12-74 

Specific gravity : 



0-776 

0® C. . 

0-753 

0-840 

15® C 

0-739 

0-825 

0-763 

30° C 

0-729 

0-809 

0-751 

Engler distillation (I.P.T.). Dis- 
tillate up to — 



10 ml. 

75® C 

13-5 ml. 


85® C 



28 ml. 

95® C 

. . 


45 ml. 

100® C 

44-5 ml. 


55 ml. 

110® C 



70 ml. 

120® C 

63 ml. 

7 ml. 

83 ml. 

130° C 

, , 

29-5 ml. 


140® C 


60-0 ml. 

96 ml. 

150® C 

86-7 ml. 

82-0 ml. 


160® C 


93-0 ml. 1 


170® C 


98-7 ml. 


175® C 

95-5 ml. 



F.B.P 

183-5® C. 

172® C. 

158® C. 

Residue .... 

1-5 ml. 



Calorific value (constant 




volume) (cal. per g.) . 

11,244 

10,717 

10,928 

Total heat from 15® C. (cal. 




per g.) . . . . 

127 

122 

106 

Mean specific heat (15° C. to 




25® C.) . . . . 

0-486 

0-360 

0-445 


The greater volatility of the gas spirit is evident ; it has a 
lower specific gravity and carbon content, and a distinctly 
lower total heat per gram. In a normal blend it may be 
taken that the proportions would be 3 : 2 by volume, the 
gas spirit being the greater. 

Tar OUs Boiling above 170° C. 

Unlike the high-temperature tar product of the same 
boiling range, low-temperature tar oil (b.p. 170-360°) is 


fluid at atmospheric temperature and contains only a very 
small amount of crystallizable solids such as naphthalene. 
It may, however, contain quite a large proportion of solid 
parades, from 3 to 6%, which crystallize when the oil 
is cooled to 0° C. 

There are three ways in which the entire fraction can be 
utilized, {a) as a boiler fuel direct, (b) as a Diesel engine 
fuel direct, and (c) as a neutral oil for Diesel engines, after 
removal of the tar acids. 

In order to prepare a boiler fuel from low-temperature 
tar it is necessary only to remove the spirit fraction to 
170° C. and aerate the residue during cooling to remove 
traces of cracked products. The flash-point is thereby easily 
raised above 175° F. The heavy residue is a satisfactory 
boiler fuel, although owing to its tar-acid content its 
calorific value is only 17,000 B.Th.U. per lb. in comparison 
with 19,000 for petroleum fuel oil. Its high specific gravity, 
however (106), gives it a higher value on a volume basis. 
Under conditions, as in shipping, where the same fuel tanks 
would have to be used for both petroleum oil and tar its 
use would be prohibited, since petroleum oils, when mixed 
with tar, precipitate from it asphaltic or pitchy material as 
a heavy gummy residue. Under these conditions only tar 
distillates completely miscible with petroleum are admis- 
sible. The properties of typical oils from four processes are 
shown in Table IV in comparison with a good petroleum 
oil. 

Table IV 


Low-temperature Carbonization Fuel Oils 



A 

B 

C 

D 

Petroleum 

oil 

Specific gravity at 
15® C. 

1-01 1 

0-955 

1-015 

0-988 

0-87 

Flash-point, ® F. 

188 

202 

198 

190 

168 

Viscosity at 60® F. . 
Redwood No. 1. 






sec. 

85 

26 

175 

119 

30 

Gross calorific value, 






B.Th.U. per lb. . 

16,930 


16,800 

16,780 

19,750 

Gross calorific value, 






therms per gal. . 

1-710 


1-705 

1-660 

1-717 

Water, % 

1-12 

0-45 

0-95 

1-17 

0-0 

Ultimate analysis; 






Ash . 

0-03 

0-03 

0-02 

0-03 

0-0 

Carbon 

82-18 


81-35 

79-10 

86-3 

Hydrogen . 

8-89 


9-17 

9-86 

12-8 

Sulphur 

0-74 


0-70 

0-94 

0-9 

Nitrogen 

0-84 


0-86 

0-73 

0-0 

DifTerence (O^ and 






errors) 

7-32 


7-90 

9-34 

0-0 

Tar acids, % 

37-2 

44-0 


1 

0-0 


From 1927 to 1932 the British Admiralty has experi- 
mented with oils of this type [3, 1933]. 

It was found that a Fuel Research oil could be burned 
satisfactorily by a 900 lb. per hour sprayer, but only after 
reducing its water content by separation to 0-7%. An oil 
containing 2% of water gave trouble with pulsations. The 
boiler efficiency was as high as with Texas oil and the oil 
was miscible with petroleum oils. Following this success a 
specification was drawn up and oils from a number of pro- 
cesses were examined. Where the oil conformed to the 
specification it was found to be satisfactory. The pro- 
visional specification and the results of examination of a 
typical oil are given in Table V. 

The pitch content quoted is the residue on distillation so 
that the true pitch content is appreciably less. Mixtures of 
the oil with petroleum oil in the ratio of 2: 1, 1 : 1, 1:2 
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Table V 


Admiralty Specification for Low-temperature Tar Oil 



Specification 

Typical 
tar oil 

Neutral 
tar oil 

Flash - point ° F., Pensky- 
Marten .... 

not < 175 

186 

178 

Sulphur, % . . . 

not > 1 0 

0*73 

0*85 

Inorganic acidity 

free 

nil 

nil 

Anthracene and sediment . 

sensibly free 

trace 

trace 

Tar acids, % . . . 

not > 35 

27 

2*0 

Water, % .... 

not > 0*5 

M2 

0*1 

Viscosity (Redwood II at 
32° F.), sec. . 

not > 1,000 

25 

130 

Pitch, % .... 

not > 2 

2*2 

2*1 

Solids separating at 32° F. in 

7 days. % 

not >0*1 


0*01 

Materials likely to choke 
burners .... 

free 

. . 


Calorific value, B.Th.U. per 
lb 


16,930 

17,800 


were stable on storage. Certain tar oils tend to form a waxy 
scum on storage; this is prevented by the addition of 3-10% 
of fuel oil in which the scum dissolves. 

An oil of this type behaved satisfactorily under a boiler, 
giving an efficiency of 74*8 % in comparison with Texas oil 
74*2%. 

Later a batch of tar oil was examined from which the 
tar acids had been removed, i.e. a neutral oil. The removal 
of the tar acids effected an appreciable increase of calorific 
value (1 % acids 35 B.Th.U.). This oil was also burned 
under a boiler with complete satisfaction, so much so that 
the Admiralty burned as much as 3,000 tons during 1933. 
The composition of an oil of this type is also shown in 
Table V. 

These results show that low-temperature carbonization 
oils form suitable fuels for boiler purposes, but for general 
use they should be distillates since the presence of pitch 
limits their use. The tar acids need not be removed. A com- 
parison of storage capacity in terms of heat units is as 
follows: 



Sp, gr. 

B.Th.U. per lb. 

B. Th. V. per gal. 

Persian fuel oil . 

0*895 

19,060 

' 170,500 

Trinidad fuel oil 

0*955 

18,810 

179,600 

Low - temperature tar, 
topped 

1*065 

16,930 

180,300 

Low-temperature tar oil 

1-014 

16,780 

170,150 

Low - temperature tar, 
neutral oil 

0*966 

17,830 

172,250 


This shows that the tar products do not compare un- 
favourably with petroleum oils as regards storage capacity 
on a thermal basis. 


Diesel Engine Fuel 

Topped low-temperature tar cannot be used as a Diesel 
fuel, but the tar oil boiling between 200 and 360° C. is more 
promising. It does not conform to existing specifications 
for petroleum oils in that its specific gravity and ignition 
temperature are high, but its viscosity, flash-point, distilla- 
tion range, sulphur, water, and ash contents are all satis- 
factory. 

Experimental work on a Mirlees Diesel in 1927 [2] 
indicated some difficulty in starting, but showed that with a 
warm jacket the oils gave as good performance as a shale 
fuel oil. These tar oils were distilled from tars produced 
in an internally heated retort. T. F, Hurley and M. A 


Matthews [7, 1931] record experiments with a similar oil 
produced from tar from an externally heated retort; they 
find, however, that with several types of engine, four- 
stroke, two-stroke, solid and air injection, the performance 
was not so satisfactory. Difficulties were encountered with 
starting and harsh running under full load, but when 
running was satisfactory the carbon deposit was not great, 
and the valves and ports remained clear. In the Admiralty 
experiments [3, 1933] on a slow-running Diesel of the sub- 
marine type, satisfactory performance was obtained at full 
power with normal blast-pressure and with a reasonable 
fuel consumption after slight modifications had been made 
to the jets to give finer atomization. 

It seems, therefore, that tar oils can be made to work satis- 
factorily in slow-running Diesels, but as the speed increases 
they give trouble owing to difficulty in ignition. This has 
been confirmed by indicator cards which show a marked 
ignition lag in comparison with shale oil. The obvious 
reason for this is the high proportion of aromatic hydro- 
carbons in the oil and a high spontaneous ignition tempera- 
ture in the neighbourhood of 500° C. The difficulty can be 
overcome in some engines by finer atomization but, without 
some means of reducing the ignition lag, the oils are un- 
suitable for the high-speed Diesel. Such remedies as sug- 
gest themselves are : 

(i) Pilot ignition, i.e. pre-charging of a small amount of 
easily ignited fuel. 

(ii) The use of a starting fuel, changing over when the 
engine is hot. 

(iii) Blending with fuels of low-ignition temperature. 

(iv) The use of ‘dopes’ such as ethyl nitrate to reduce 
ignition temperature and ignition lag. 

Expedients (i) and (ii) are not practicable, and (iii) could 
not have more than a limited application. The last 
expedient is attractive, but the dopes so far discovered are 
too expensive, increasing the cost of the oil by as much as 
one penny per gallon. In the R.A.E. (Farnborough) 
method of test it has been shown that creosote, with an 
ignition temperature of 480° C., has a delay time of 2 sec. 
at 500° C. in comparison with a fuel-oil figure of 0*2 sec. 
The addition of 2% of ethyl nitrate to this fuel oil reduced 
its delay time to less than 01 sec. The effect of these dopes 
on low-temperature tar oils has not yet been examined, but 
it is possible that this method of attack of the problem may 
be helpful. 

B. Broche, K. Ehrmann, and W. Scheer [1, 1932] have 
examined high-temperature tar oils having spontaneous 
ignition temperatures of from 440 to 470° C., and have been 
able to decrease the temperature by as much as 200° C. 
with metallic catalysts. This result has led them to suggest 
a design of engine in which a metallic catalyst is arranged 
in a pre-mixing chamber. The idea does not seem to have 
been followed up, but it is possible that some improvement 
in engine design may overcome present difficulties. 

The neutral oil obtained by removing the tar acids from 
low-temperature tar oil is appreciably less unsatisfactory 
than the oil itself. The ignition temperature of neutral oil 
is about 50° C. lower than that of the tar oil from which it 
is prepared. This finding refers to tars from bituminous 
coal, since the German Mineral Oil Research Association 
report that the tar oil from brown coal is a good Diesel 
fuel despite the fact that it contains 35-40% of tar acids. 
On account of its low calorific value consumption is rather 
high. A more recent paper on tar as a fuel is that of 
J. G. King and C. M. Cawley [8, 1936]. 



3117 


LOW-TEMPERATURE TAR OILS 


Lubricating OUs 

It has been suggested that a really primary low-tempera- 
ture tar should contain oils of a lubricating character, but 
research has shown that, though fairly viscous oils are 
obtainable by refining and vacuum-distillation, these are 
unstable and break down rapidly to coke under working con- 
ditions. This is confirmed in Germany by the findings of 
the German Mineral Oil Research Association (1934). The 
hydrogenation of tar or tar oils has also proved a barren 
source as yet. Lubricating oils can, however, be produced 
from the low-boiling oils or spirit by polymerizing the un- 


saturated hydrocarbons with aluminium chloride. If a 
spirit be refluxed in the presence of this substance and the 
oil distilled in vacuo, a series of lubricating bases are ob- 
tainable whose viscosities vary from a light spindle oil to 
a heavy engine oil. 

Fuel Research experiments [10, 1934] have shown that the 
combined oils amount to 8 per cent, by weight of the spirit 
treated and that they are all clear yellow oils of good odour. 
Compared with petroleum oils these products had poor 
viscosity indices, but were satisfactory lubricants when not 
subjected to high temperatures. 
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HIGH-TEMPERATURE COAL TARS 

By W. G. ADAM, B.A., F.LC., M.I.Chem.E. 

Superintendent, By-products Works, The Gas Light and Coke Company, London 


Coal tar, being a by-product of the gas- and coke-making 
industries, depends for its properties upon the type of car- 
bonizing plant employed, the nature of the coal, and the 
conditions under which it is carbonized. An endeavour 
will be made to show, as completely as possible within the 
scope of such a short article, the effect of these varying 
conditions upon the properties, composition, and utiliza- 
tion of the resulting tars and their products. Before com- 
mencing to discuss such variations in the nature of tars, 
a brief outline of the purely physical aspects of tar would 
be appropriate. All high-temperature tars are colloidal 
systems, the stability of which depends upon their method 
of production and subsequent treatment. They consist 
essentially of finely dispersed particles, usually termed ‘free 
carbon’, in an oily medium, the stability of the system 
being attributed to the protective influence of the tar resins 
upon the colloidal particles. Adam and Sach [3, 1929] 
consider that the actual suspended matter in a tar corre- 
sponds to the fraction of the tar insoluble in pyridine, to 
which they attach the symbol Q. If. however, the tar is 
dissolved in benzene or toluene instead of in pyridine, a 
further fraction, called by these workers Cj, is precipitated 
so that the so-called ‘Free Carbon’ of tar, i.e. the material 
insoluble in benzene or toluene, consists of Ci+Cj. Ci is 
a dull black powder little affected by heat, but C2 is more 
resinous in character and intumesces under the influence 
of heat. If the benzene-soluble portion of tar is treated 
with a considerable excess of petroleum ether, a further 
class of resin is precipitated which varies slightly in colour 
according to the nature of the tar, but is usually light to 
reddish-brown. This technique has been adopted by Mor- 
gan and Mitchell [12, 1935] in their research upon high- 
temperature tar at the Chemical Research Laboratory, and 
they further treat this resin insoluble in petroleum ether 
with diethyl ether, whereby they subdivide it into soluble 
and insoluble portions, which they label C4 and C3 re- 
spectively. They report also that the fractions C2, C3, and 
C4, when dissolved in anthracene oil to the same concentra- 
tion, produce tars of widely different viscosities. C3 tar is 
only one-twentieth as viscous as Cj tar, whilst C4 tar 
is approximately half as viscous as C3 tar. It will be readily 
seen, therefore, that the viscosity of tar depends to a great 
extent upon the proportions of these different fractions 
present. 

Taking the compounds insoluble in petroleum ether as 
one fraction, we can therefore, as far as present knowledge 
allows, consider tar as consisting of four groups of sub- 
stances, viz. the suspended or colloidal particles insoluble 
in such solvents as pyridine, a resinous fraction soluble in 
pyridine and insoluble in benzene, which may be present 
either in true solution in the oils or as an ultra-colloid, and 
thirdly what might be described as the tar resins, i.e. the 
compounds soluble in pyridine and benzene, but insoluble 
in petroleum ether, and which are believed to be in a state 
of true solution in the oils or the fourth group of sub- 
stances, otherwise known as the fraction soluble in petro- 
leum ether. There is little doubt that tar derives its adhesive 
qualities from these solutions of resins in oils, as a simple 


experiment will show, but the source of its undoubted 
binding power, e.g. in road construction, is not so readily 
defined. In view of its marked influence upon viscosity the 
fraction Cj may be of importance, but there is scarcely any 
published data available from which to decide. 

Tar resins, when heated, become plastic and begin to 
decompose as the temperature is raised to approximately 
For this reason, resolution by solvents is the 
best method of studying the constitution of tar [20, 1929], 
provided suitable low-boiling liquids are employed. The 
recovery of the solvent by vacuum distillation will often 
prevent the use of too high a temperature. It is the generally 
accepted view that the tar resins are derived in the first 
instance from the oils and that the resinous constituents of 
the benzene-insoluble fraction (C2) arc merely a higher 
form of the petroleum-insoluble resins. Marcusson [19, 
1919] investigated the formation and structure of tar resins, 
and suggested they originated from the oxidation or poly- 
merization of unsaturated hydrocarbons present in the 
heavy tar oil and contained oxygen in the nucleus. Asphal- 
tenes and petroleum resins are likewise formed from heavy 
mineral oils, and Marcusson suggested that the tar resins 
might be known as ‘aromatic asphalt’, a name which 
would certainly indicate their character. Morgan and 
Mitchell [12, 1935] have shown that tar absorbs oxygen 
with the formation of a benzene-insoluble resin, thus sup- 
porting Marcusson's ideas of resin formation and also his 
suggestion that the lower tar resins absorb oxygen and are 
converted to the higher type. The suggestion has also been 
made by Adam and Sach [3, 1929] that tar resins are also 
formed from the alkali-soluble constituents of tar. The 
changes occurring in tar on exposure to the atmosphere 
will be dealt with later in this article, when it will be seen 
that in a tar used, say, for road purposes the changes due 
to exposure occur very slowly indeed. 

The ultimate composition of the ‘free carbon’ (Q+Ca) 
of tar has been determined by several workers, among them 
being Donath and Asriel [6, 1903], who found C 89*2, 
H 2-3. N 37, O 7 13%, and Adam and Sach [3, 1929], 
who reported C 90, H 2*8%, whilst similar results were 
obtained by Hubbard and Reeve [22, 1911], and Weiss 
[28, 1914]. Marcusson [18, 1930] examined the ‘free car- 
bon’ of coal tar obtained from vertical and horizontal 
retorts, and resolved it into groups consisting of oxy-acids, 
pyridine-soluble resins, pyridine-insoluble resins, and partly 
coked material, and suggested a method for determining 
the latter. 

High-temperature tars are usually given names denoting 
their origin, so that we have horizontal-retort tar, vertical- 
retort tar, and coke-oven tar, the term vertical-retort tar 
embracing tars produced in both intermittent and con- 
tinuous vertical retorts. The tar produced during the 
carbonization of coal at low temperatures is usually re- 
ferred to as low-temperature tar. The amount of coal 
carbonized annually in gas works in Great Britain is of the 
order of 17-18 million tons, of which about 50-5% is 
treated in horizontal retorts and the remainder in vertical 
retorts, with the exception of a small amount treated in 
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inclined retorts and coke ovens. Approximately 16-17 
million tons of coal are carbonized annually in coke ovens 
in Great Britain. The quantity of tar produced in gas 
works is between 210 and 215 million gallons per annum, 
and in coke ovens about 130-40 million gallons. Tables 
giving the estimated world production of tar both col- 
lectively and according to the country of origin will be 
found at the end of this article. According to Hunter 
[15, 1933] the yields of tar per ton of coal carbonized in 
the main carbonizing units are as follows: 


Tar made. 
Cal. per ton 

Type of plant of coal 

Continuous verticals 101 

Intermittent verticals 11-7 

Coke ovens . . 9 02 

Horizontals .... 9-42 
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temperature tar, which is in a class by itself much lower 
down the scale. The differences between the tars become 
more pronounced if we compare their ‘free carbon’, 
naphthalene, and phenol contents. The ‘free carbon’ 
of horizontal-retort tar is much greater in amount than 
that of vertical-retort tar, whilst coke-oven tar holds 
an intermediate position with a tendency towards low 
figures in general practice. Horizontal-retort and coke- 
oven tars both contain a reasonable percentage of naph- 
thalene, which substance, however, is almost entirely 
absent from vertical-retort tar, and more so from low- 
temperature tar. With regard to the phenol content, the 
position is reversed and vertical-retort tar contains con- 
siderably more of this constituent than either horizontal- 
retort or coke-oven tar, and, following the usual sequence, 
low-temperature tar contains even more than the vertical- 
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High temps. 
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Rapid 

Slow 
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15*5" C 

M9 

116 

M7 

1-17 

1-15 

Ml 

1-07 

103 

Distillation % by wt. on dry tar — 









To 200° C 

3 

5 

3 

2 

3 

5 

5 

9 

200-230” C 

6 

7 

6 

3 

8 

11 

10 

16 

230-270” C 

10 

11 

12 

7 

12 

14 

12 

13 

270-300° C 

4 

4-5 

5 

6 

7 

7 

7 

9 

300°-mcdium pitch 

10 

12-5 

9 

11 

8 

12 

14 

18 

Medium pitch .... 

67 

60 

65 

71 

62 

51 

52 

35 

Crude tar acids in 200-270° C. fraction — 









% by vol. of fraction 

12 

20-5 

14 

20-5 

20-30 

20-50 

35-40 

45 

% by vol. on dry tar . 

H-2 

4-5 

3 

4-5 

5-6 

6-12 

8-10 

n 

Naphthalene in 200-270° C. fraction 
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(road tar method) % by weight on 
dry tar 

7 

4 

7 

4-6 

0-1 

trace 

nil 

nil 

* Free carbon\ % by weight 

23 

15 

6 

15 

3 

4 

3 

1 

Specific gravity of distillates at 1 5-5” C. — 
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To 200” C 

0-950 

0-930 

0-950 

0950 

0900 

0910 

0-900 

0860 

200-230° C 

1-010 

1-000 

1-015 

1-005 

0980 

0 960 

0-950 

0-940 

230-270” C 

1-040 

1030 

1-048 

1-035 

1-020 

0-995 

0-990 

0-980 

270-300” C 

1-062 

1-055 

1-070 

1-060 

1-044 

1-015 

1-002 

1-000 

300-350” C 

1102 

1-098 

1-110 

1-098 

1-086 

1-045 

1-035 

1-030 


High-temperature carbonization is generally carried out at 
retort temperatures in the neighbourhood of 1,100° C. as 
distinct from the temperatures around 600° C. usually 
adopted in low-temperature processes. 

The conditions inside the various retorts and ovens are 
naturally different, and these differences are reflected in the 
properties and constitution of the tars produced. Table I 
is reproduced from Technical Data on Fuel, edited by H. M. 
Spiers, and illustrates typical properties of tars belonging 
to the various groups. The figures given are based upon 
analyses carried out in the Woodall-Duckham laboratories, 
but it must be borne in mind that these are ‘typical com- 
positions’ and that fairly wide variations can occur in the 
compositions of tars belonging to the same group. It is 
possible, nevertheless, to draw a number of general con- 
clusions regarding the physical and chemical properties of 
tars produced under different conditions. It will be seen 
that horizontal-retort and coke-oven tars have higher 
specific gravities than the vertical-retort tars, a difference 
which is marked also in their corresponding distillates, 
whilst it is interesting to make a comparison with low- 


retort tar. The yield of pitch of medium hardness is 
greater on distillation of horizontal-retort and coke-oven 
tars than with vertical-retort tars, and more will be said 
later regarding the pitch recovered from low-temperature 
tar. Apart from differences in percentage composition the 
tars vary as regards the composition of the constituent 
groups, e.g. the neutral oil fraction of vertical-retort tar 
contains a considerable proportion of paraffinoid and un- 
saturated substances, whilst the corresponding fraction of 
horizontal-retort and coke-oven tars are practically free 
from these compounds. Low-temperature tar is rich in 
paraffins and unsaturated hydrocarbons. Variations in the 
composition of other groups, e.g. the phenols, will be 
discussed under their separate headings. 

The tar produced in any given type of retort will vary 
in constitution according to the details of operation of that 
retort, e.g. regarding size of the retort, the amount of the 
charge, upon which depends the volume of free space, and 
the temperature of the combustion chamber surrounding 
the retort. This question has been dealt with by Hollings 
[14, 1926] and Fieldner and Davis [8], and it appears 
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that the size of the retort is of importance because it 
governs the carbonizing period and consequently the period 
during which the vapours are in contact with the hot coke 
whilst the velocity of the gas is low, whilst an increase in 
the free space causes cracking of the tar, resulting in an 
increase in the specific gravity and in the free carbon, 
naphthalene, anthracene, and pitch contents, and a de- 
crease in phenols, neutral oils, and olefines. The effect of 
variations in the mean carbonizing temperature already 
quoted for high-temperature processes will be to bring 
about, on a much smaller scale, differences in the tar 
similar to those existing between high- and low-temperature 
tars. Increases in the carbonizing temperature will tend to 
bring about increases in the ‘free carbon’ content of the 
tar, and, as will be shown later, there is an upper limit to 
‘free carbon’ beyond which it is inadvisable to go, so that 
if the tar is to be marketed, the temperature of carboniza- 
tion must be maintained within a suitable range. The lower 
limit of ‘ free carbon ’ is likewise controlled, but the require- 
ments of gas-making usually ensure compliance of the tar 
in this respect. In addition, the nature of the coal car- 
bonized will have some bearing upon the properties of the 
tar, but as regards English gas coals, more upon the per- 
centage composition than upon the nature of the tar. To 
quote Wames [25, 1923]: ‘Practical working has shown 
that North Country coal yields a tar which on distillation 
gives a fairly low percentage of light oils and a rather high 
yield of creosote, naphthalene, and anthracene, while tar 
produced from Midland and Yorkshire coals yields on 
distillation rather more light oils and less creosote, naph- 
thalene, and anthracene; that is if comparative methods of 
carbonisation and temperatures are employed.’ 

Although opinion is divided upon the actual reactions 
governing the formation of high-temperature tar com- 
pounds, it is generally conceded that they are formed 
principally as a result of secondary reactions upon the low- 
temperature tar first formed as the coal is gradually heated. 
Contrary to earlier opinions on the subject, it has been 
realized that aromatic compounds are not only present in 
low-temperature tar, but represent one of the main con- 
stituents. As the aromatic compounds appear to change 
little as a class on pyrolysis, it seems probable that those 
present in low-temperature tar are the parent substances 
of those in high-temperature tar. The suggestion has also 
been made that the lower boiling aromatic constituents of 
high-temperature tar may be formed by the reduction, 
dealkylation, or dehydrogenation of phenols and naph- 
thenes, whilst the decomposition of the naphthene, paraffin, 
and unsaturated hydrocarbons of low-temperature tar into 
higher olefines, and the condensation of the latter to aro- 
matics, has also been proposed. The phenols of high- 
temperature tar might possibly result from the dealkylation 
or partial hydrogenation of the more complex phenols in 
low-temperature tar, but as such a reaction would require 
rather close control, it seems more probable that the 
phenols survive as a group in a more stable form. The 
mechanism of coal-tar formation will doubtless remain 
rather obscure owing to the difficulty there will always be 
in reproducing the correct conditions for the study of the 
pyrolysis of the various classes of compound. The litera- 
ture on the subject has been well reviewed by Kester and 
Pohle [24, 1932] in their study of the composition of the 
fractions of primary and high-temperature tar. 

The greater part of the high-temperature tar produced 
nowadays in Great Britain is distilled. Until recent years 
the increasing use of tar for road purposes, coupled with 


the development of new processes of distillation, tended to 
encourage the decentralization ot distillation units, but at 
the present time, owing to the exigencies of modem sp^i- 
fications and the consequent necessity for expert technical 
supervision, the position is more or less reversed. A num- 
ber of the larger manufacturers of gas and coke still refine 
their own tar, but there have arisen throughout the country 
numerous district organizations treating the tar produced 
in certain areas at a central distillery. This system has 
resulted in a high level being maintained in all parts of the 
country in the quality of the tar used for road purposes, 
and has done much to popularize its use. 

The types of distillation plant available to the tar distiller 
may be classified as follows : 

1. Intermittent pot or longitudinal stills. 

2. Continuous stills, usually consisting of several spe- 
cially designed stills in series. 

3. Continuous pipe or coil stills. 

Pot stills, which arc usually constructed of wrought iron 
or mild steel, vary in capacity between 15 and 40 tons, and 
the vertical type are fitted with concave bottoms to present 
a greater heating surface and prevent buckling at high 
temperatures. These stills, however, are rarely used as a 
single unit, but generally form part of the double-still 
system, which consists of a pot still working in conjunction 
with some form of economizer whereby the crude tar for 
the next charge is gradually heated by means of a coil 
carrying the vapours from the fire still. By this means the 
aqueous liquor, which may be present in the crude tar to 
the extent of 3-8%, is slowly distilled off along with a por- 
tion of the light distillate, thus resulting in a considerable 
saving of time, as the tar passing forward to the fire still 
is free from water and can be distilled quickly without fear 
of frothing. Pot stills are so fitted that free steam can be 
admitted, particularly during the latter part of a distillation 
to pitch, in order to prevent cracking of the products. 

It was but a short step from the intermittent to the con- 
tinuous still of which the Hird system is typical. Briefly, 
this consists of a number of flat-bottomed stills in series, 
the tar passing in a baffled stream over the bottom of each 
still in succession. The number of stills in series is usually 
three or four, depending upon the extent to which the 
distillation is to be carried, the heating being by means of 
flue gases passing through internal tubes. Heat exchange 
is arranged between the incoming wet tar and the tar 
vapours and hot tar or pitch leaving the stills, thus ensuring 
the preliminary dehydration of the crude tar before its entry 
into the still proper. The temperatures in the separate stills 
comprising the series are so adjusted that the tar is divided 
into the customary fractions during its passage through the 
plant. The advantages offered by the continuous process 
are as follows; (^7) Ready control of rate of distillation and 
range of distillates; (b) considerable reduction in labour 
and fuel costs; (c) relatively higher output per unit of 
capital expenditure; {d) complete absence of priming or 
frothing. Another type of continuous tar-distillation plant 
is the T.I.e. plant. In this process the previously de- 
hydrated tar is distilled by passing it in a thin film over 
a low-melting alloy heated to a temperature dependent 
upon the range of product required, the vapours being 
fractionally condensed to give suitable oils. After travers- 
ing the molten metal, the residual tar may be steam 
distilled, according to the circumstances. In several works 
ordinary pot stills have been arranged to work continuously 
by placing at suitable heights so that the tar runs from 
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the first to the last, being controlled by suitable overflow 
apparatus. 

In 1907 Wilton obtained a patent for a tar-dehydration 
plant in which the tar is passed continuously through a 
cast-iron coil, in which it is heated to a temperature of 
170° C., while being maintained under a pressure of 40/60 
lb. per sq, in. From the exit of the coil the tar passes to 
a vessel in which the superimposed pressure is reduced to 
that of the atmosphere, and volatilization of the water and 
light oils now takes place. The sudden ‘flashing off’ of the 
vapours at the point of expansion eliminates the frothing 
trouble, and the partially distilled tar may now be com- 
pletely distilled to pitch in a pot still without difhculty. 
The modern practice, however, as applied to the produc- 
tion of road tar, is to discard the pot still and continue 
the distillation in an additional coil working on the same 
principle as the first, but heated to a higher temperature, 
e.g. 270° C., for the production of a thick base tar. The 
Lennard plant distils tar completely to oils and pitch under 
somewhat similar conditions, the separation of the oil- 
vapours into the required fractions being obtained by frac- 
tional condensation. One advantage offered by the coil 
system is safety, because of the relatively small amount of 
tar present in the plant at any time, whilst on account 
of the short period during which the tar is at the distillation 
temperature cracking is reduced almost to a minimum, so 
that higher yields of oil are obtained. 

This question of cracking had a considerable influence 
upon the design of modern pipe and coil stills for the 
distillation of tar. It was known that after a distillation of 
tar to pitch in, for example, a pot still, the ‘free carbon’ 
content of the pitch was greater than would have been 
expected from concentration alone. Adam and Sach [3, 
1929] in their study of ‘free carbon’ formation in coal tars 
and pitches point out that unless serious local overheating 
of the tar occurs, the total material insoluble in pyridine 
(Cl) remains reasonably constant, so that any increase in 
the total ‘free carbon’ (Ci-j-Cj) present is due to formation 
of Ca during the distillation. This occurs more readily with 
vertical-retort and coke-oven tars than with horizontal- 
retort tar, and tends to reduce the yield of oil and, if 
excessive, to affect adversely the quality of the pitch. The 
above authors suggested the observance of the following 
points in the design of a tar-distillation unit: {a) Minimum 
final temperature in the tar obtained by employing a high 
vacuum, or by the use of free steam. The latter method 
also assists by improving the agitation of the tar, thus 
reducing local overheating. For distillation to briquetting 
pitch, final tar temperatures should not exceed 280-300° C. 
\b) The time of exposure of the tar to the maximum 
temperatures should be reduced to a minimum, a result 
obtained by continuous distillation methods, particularly 
in a coil-type unit. In addition they give the results of a 
distillation carried out according to the process patented 
by the Gas Light and Coke Company, [Adam and Potter 
10, 1927], which embodies the above principles. The 
results show that the ratio 

Total insoluble in pitch 
Total insoluble in tar 

was maintained at substantially unity for both Ci and 
Ci+Ca, i.e. the material insoluble in pyridine and benzene 
respectively. This process follows the coil system and pro- 
vides facilities for fractionating the vapours and for steam 
distillation of the soft pitch leaving the coils, so that a pitch 
of any desired softening-point can be obtained. The de- 
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scription just given would apply in a general manner to 
several other pipe or coil stills at present in use, as the 
governing principles are the same, and it is only in detail 
that differences occur. The employment of vacuum is a 
feature of some modern units, and it assists in maintaining 
reasonably low temperatures. Pipe stills are used exten- 
sively in America and on the Continent, and it is claimed 
for some of them that such close fractionation is possible 
that redistillation of the oils to obtain, for example, a 
naphthalene fraction is rendered unnecessary. The new 
Wilton coil plant [29, 1933], recently introduced, deserves 
mention for some of its features, perhaps the most interest- 
ing being the introduction of crude tar after the heating 
coil, when it is dehydrated and partially distilled by ad- 
mixture with a portion of the hot pitch leaving the vapour 
box, the mixed residue being recirculated through the coil. 
The rate of addition of crude tar to the pitch is thermo- 
statically controlled by the temperature of the latter. 

Brief mention must be made in passing of yet another 
type of process for tar distillation — one that can only be 
used in conjunction with a carbonizing plant. By this is 
meant a process such as that covered by the Barrett Com- 
pany of America in a long series of patents, and in which 
the tar is distilled by being brought into direct contact with 
raw hot coke-oven gas, the pitch being separated and the 
gases cooled to recover the oils either in bulk or by frac- 
tional condensation. Another process worked on similar 
lines is that developed and patented in England by Cooke 
and adapted by him to both coke-oven and gas-works 
practice. It is claimed for this type of process that there is 
little or no fuel expense, a short time factor, and a relatively 
high yield of distillate. 

In dealing with tar distillation the author has endeavoured 
to discuss principles with reference to typical working pro- 
cesses, and for further information relating to the latter 
and many similar processes reference should be made to 
recent literature upon the subject [7, 1935; 26, 1930; 27, 
1932]. 

The selection of a particular process will be governed by 
such factors as capital expenditure, ground available, local 
markets, and more particularly by the throughput of tar 
required ; and each case must be decided on its merits. The 
total quantity of gas-works and coke-oven tar distilled in 
Great Britain in 1934 was 330 million gallons, of which 
214 million gallons were from gas works and 116 million 
gallons from coke ovens. Probably 50-60% of this quantity 
was distilled to pitch, the remainder being used in the pro- 
duction of road tar and other refined tars. Road tar and 
other special grades of tar are generally prepared on the 
‘cut-back’ principle, with the exception of the high-visco- 
sity tars required for hot-process tarmacadam or tar con- 
crete. The tar is distilled until a product is obtained 
considerably higher in viscosity than is required for the 
finished tar, and this is fluxed with tar distillate or a com- 
bination of distillates until the correct consistency is 
attained. A full understanding of the factors controlling 
the quality of a road tar, such as the extent of the distilla- 
tion to base tar, and the nature and proportion of the 
fluxing oils used, is only acquired by research and experi- 
ence, and it cannot be too strongly emphasized that expert 
supervision is necessary to produce tars such as are 
marketed to-day, capable of withstanding all conditions of 
weather and traffic. British Standard Specifications no. 76- 
1930 and no. 76-Part 2-1931, cover Tars nos, 1, 2, and 
3 for road purposes such as surface dressing and tar- 
macadam work, but it is pointed out that surveyors may at 
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their discretion specify higher viscosities, and the tendency 
nowadays is towards the use of much higher viscosity tar 
for surface dressing than is suggested by the specification 
for no. 1 Tar. This will no doubt result in a fairly early 
revision of the specifications which were prepared in the 
first instance for the British Standards Institution by the 
British Road Tar Association, a body which has done 
much to advance the use of tar for roads in Great Britain. 

The process for the tar-spraying of roads has changed 
considerably both as regards materials and technique 
since the early days when crude tar was often employed. 
Although there may be earlier mention of the use of tar 
in road construction, the experiments carried out by Dr. 
Guglielmenetti on the Riviera in 1901 represent the first 
systematic work upon the subject of surface treatment. The 
competition organized in 1907 by the Roads Improvement 
Association to determine ‘the best form of tar or prepara- 
tion of tar suitable for road purposes’ did much to improve 
the quality of road tar. Its success brought about an in- 
creasing demand for good-quality road tar, with the result 
that the Road Board, in 1911, issued its first specifications 
for tars for the surface dressing of roads and for tar- 
macadam. These were subsequently revised and later on 
merged into the British Standard Specifications previously 
mentioned. The spraying of roads with tar nowadays fol- 
lows well-defined rules, which are briefly as follows: The 
surface of the road should be swept free from dust and any 
irregularities made good, the tar then being applied evenly 
to the dry road at a temperature between 200 and 240° F., 
depending upon its viscosity. The area covered by a given 
amount of tar is adjusted to suit the requirements, as the 
nature and texture of the surface will vary, whilst some 
roads will have been previously tarred and.others not, so 
that in practice the figure varies between 4 and 8 sq. yds. 
of road surface for each gallon of tar used. Following the 
tar-spraying, the road must be dressed with clean, hard, 
stone chippings or shingle of J-in. to J-in. gauge, followed 
by a light rolling, this latter treatment being most im- 
portant, because if it is omitted there will be a tendency 
for the stone to be swept to the side of the road by fast 
traffic, exposing bare patches of tar. If, however, a tar of 
suitable viscosity is properly laid on the above-mentioned 
lines, an excellent non-skid surface should result which will 
maintain its character under all conditions. By ‘suitable 
viscosity’ is meant the viscosity chosen with regard to the 
condition of the existing surface, the season of the year, 
and the size of the gritting material. It is characteristic of 
tar that, on exposure to the atmosphere, it forms a surface 
possessing valuable anti-skid properties quite apart from 
those attributable to the stone dressing. Tar after two 
years’ exposure to the atmosphere still contains more than 
50% of oils soluble in petroleum ether, and remains plastic. 
A certain amount of resinification occurs as evidenced by 
an increase in the ‘ free carbon ’ and a much greater increase 
in viscosity than can be attributed to loss of oils by evapora- 
tion, but the tar still retains its adhesiveness and binding 
power. Furthermore, excellent non-skid roads can be con- 
structed with high-temperature tar irrespective of its source, 
i.e. whether it is derived from horizontal retorts, vertical 
retorts, or coke ovens, provided due regard is paid to all 
the points mentioned. The demand nowadays is for ‘long 
life’ in surface dressings, and as a result of research the tar 
distiller is in the position of being able to produce the 
‘high durability’ tars required. If required also, a tar can 
be supplied containing little or no material of a toxic 
nature, extractable by water, s^ that it can be used in the 


vicinity of lakes and streams and minimize the danger of 
giving rise to pollution of the latter. A process for the 
production of such a tar has been patented by the Gas 
Light and Coke Company, [Adam, Murdoch, and Potter 
9, 1932], and consists of blending a soft pitch which has 
t4en maintained at a temperature of 300-315° C. for a 
period of 12-24 hours, with a creosote oil from which the 
phenols, tar bases, and crystallizable naphthalene have 
been removed. An important feature of the invention is 
the heat treatment of the soft pitch whereby any phenols 
present almost disappear with the probable formation of 
resinous compounds (vide Adam and Sach [3, 1929]). 

It should be mentioned also that the old hand-spraying 
equipment has been largely superseded by motor or steam- 
propelled vehicles fitted with heat-insulated tanks and 
spraying devices, which are capable of laying an even carpet 
of tar of predetermined thickness, and varying in width 
according to requirements, the maximum being between 
7 and 13 ft., according to the type of vehicle. These tank 
lorries can be loaded with hot tar at the plant, and the 
insulation of the tank permits transport to a considerable 
distance before use, whilst in addition some of these 
vehicles are fitted with apparatus for heating the tar in 
transit, thus increasing their range. They are often used 
in conjunction with mechanical gritting machines, the ad- 
vantages of the whole system being obvious. A more recent 
development in the surface treatment of roads has been the 
introduction of thin wearing carpets which are being used 
in cases where the state of the existing surface demands 
such treatment, and where it is considered surface-spraying 
would hardly suffice. These carpets, which arc generally of 
1-in. thickness, consist of carefully proportioned mixtures 
of tar and fine-graded stone or gravel, and their future will 
be watched with interest by all concerned. 

Tarmacadam work may be any of three types — three- 
coat, two-coat, or single-coat — and of the three, single-coat 
work is becoming of increasing importance, whilst three- 
coat work is less frequently seen. Two-coat work, as the 
name implies, consists of a base coat of relatively coarse 
material and a wearing course of much finer texture, the 
consolidated thickness of the base coat being approximately 
three-quarters that of the whole, which varies from 3 to 
4 in. Single-coat tarmacadam is usually laid to a con- 
solidated thickness up to 3 in. and, in a similar manner to 
two-coat work, is given a seal-coat of tar and chippings 
after an interval to allow consolidation by traffic. The 
stone used in both types ranges in size from 2 in. to i in., 
and in addition a small amount of filler is employed. The 
number of gallons of tar added per ton of aggregate varies 
from 6 to 9 for base and single-coat mixings, and from 
8 to 14 in the wearing course, according to the grading of 
the stone. The tar used conforms to the British Standard 
Specifications for Tar no. 2 or Tar no. 3. More recently 
there has been introduced a form of single-coat tarmaca- 
dam known as hot-process tarmacadam or tar concrete. 
As the name implies, the object has been to obtain a very 
dense product, i.e. one low in voids, and for this reason 
the mixture contains a higher percentage of small material. 
The grading of the stone is from 1 in. down to i in., but 
the aggregate may contain as much as 35-40% of material 
smaller than i in., one-half of which probably passes an 
80-mesh sieve. The binder is a soft pitch testing 10-25 sec. 
at 60° C. by the B.S.I. efflux tar viscometer, the amount 
used varying between 12 and 15 gal. per ton of total aggre- 
gate. A seal-coat of tar and chippings may be applied at 
a suitable interval after the tar concrete has been laid. This 
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type of material can also be laid on the two-coat principle, 
the base coat being of much coarser texture than the wear- 
ing course, but as a rule the two-coat system is only 
employed in cases where the consolidated thickness of the 
tar concrete is required to be greater than 3 in., which is 
the maximum figure adopted for the single-coat type. Tar 
concrete has shown itself particularly adaptable to roads 
carrying large volumes of fast-moving traffic, as evidenced 
by the success attending its use on the Kingston By-pass 
in this country, and on numerous roads in Germany. 

There are a number of rules which should be observed 
in the manufacture and laying of tarmacadam, and they 
are briefly as follows: (a) A grade of tar should be selected 
most suitable for the type of aggregate employed ; {b) the 
aggregate should be dry; (c) both binder and aggregate 
should be separately and carefully heated to a temperature 
within the range specified for the particular type of material 
being manufactured; (d) avoidance of the use of too little 
tar; (e) the commencement of rolling should be governed 
by the texture and pliability of the material, that is to say, 
it should not be rolled whilst too hot or too cold. Rolling 
should not be continued after the correct degree of com- 
pression has been attained. (/) The materials should be 
protected from inclement weather during transit; (g^ the 
grading of the aggregate should be chosen with particular 
regard to the requirements demanded of the finished maca- 
dam. The observance of these rules will ensure satisfactory 
service, provided that a suitable foundation is available, as 
control of the manufacture of the macadam cannot over- 
come the handicap of insecure foundations. 

Apart from tar itself, considerable employment has been 
found in road construction for tar bitumen mixtures and 
tar emulsions. By the former are usually understood mix- 
tures of refined tar and petroleum bitumen, the latter sub- 
stance seldom forming more than 20-5% of the whole. It 
is the belief of those who favour their use that these mix- 
tures combine the advantages of both constituents. Their 
manufacture calls for considerable care, both in the selec- 
tion of materials and the method of mixing, as the maxi- 
mum amount of a given bitumen which it is permissible to 
add to a tar depends largely upon the nature and properties 
of the latter. Should an attempt be made to add more 
than this quantity, the internal structure of the mixture is 
affected and coagulation occurs with the formation of 
lumps of resinous material, thus destroying the homo- 
geneity which is one of the salient features of tar. If re- 
quired, the petroleum bitumen can be replaced by natural 
asphalt, the amount added being inversely proportional to 
the percentage of bitumen in the latter. The use of tar 
emulsions is increasing, and British Standard Specification 
no. 618-1935 dealing with these products has been pub- 
lished. Their general characteristics and uses arc identical 
with those of the corresponding bitumen emulsions. Tar 
emulsions, however, must not be confused with cold tars, 
which are a special grade of refined tars suitable for use 
at ordinary temperatures, and consequently in favour for 
patching work and other small-scale operations. They con- 
sist essentially of refined tar thinned down to a suitable 
degree with a readily volatile solvent, which, after the laying 
of the tar, quickly evaporates, leaving a tar of normal 
consistency. The use of these products has developed con- 
siderably in Germany and America. 

A summary of the use of tar in road construction would 
not be complete without mention of the work of Dr. F. J. 
Nellensteyn, chief of the Government Road Laboratory in 
Holland, who has advanced some interesting theories upon 
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the structure of tar and particularly stresses the importance 
of the size and degree of protection of the particles of ‘ free 
carbon’. Further, he has suggested a method [21, 1933] 
for determining the so-called ‘micron number’, i.e. the 
number of particles of a certain average size present in a 
mm.® of tar, which involves diluting the tar 100 times with 
nitrobenzene, removing the coarse particles by filtration 
through a certain class of filter-paper, and counting the 
particles in the filtrate with the aid of a Thoma hacmocyto- 
meter. The ‘unfiltered’ micron number is also determined 
by diluting the original solution in nitrobenzene still further 
and counting the particles before filtration. Nellensteyn 
fixed minimum figures for the ‘micron numbers’ he con- 
sidered essential in a good road tar, and these were 10-15 
million per mm.® (filtered) and 50-100 million per mm.® 
(unfiltered), according to the purpose for which the tar was 
required, it is to be feared, however, that the test will not 
give reproducible results in the hands of different workers, 
and for this reason alone, apart from the merits or other- 
wise of Dr. Nellensteyn’s theories, it is doubtful whether 
the test will command much attention in future as a means 
of examining commercial samples, although it may be of 
use to the research worker. 

From time to time, also, processes have been patented 
for the production of tars having, it was claimed, enhanced 
properties in various connexions. These processes usually 
involved either some form of chemical treatment of the tar 
or the incorporation in the latter of a given substance or 
group of substances. Of the many tars so produced, how- 
ever, only a few seem to have survived the test of experience. 

Apart from its use in road construction, refined tar finds 
extensive application as a paint, preservative, and general 
weather-proofing agent for metal and wooden structures, 
as well as for fabrics such as tarpaulins, roofing felts, &c. 
A typical modern development has been the adoption of 
a specially prepared tar as a sealing medium in waterless 
gasholders, for which purpose it seems particularly well 
suited. The amount of refined tar used at present on road 
construction in Great Britain is of the order of 120 million 
gallons per annum. (See also tables at the end of this 
article.) 

When considering the various products normally ob- 
tained on a commercial scale at a tar-distillation works, it 
is important to remember that creosote, refined tar, and 
pitch together constitute 90% or more of the total quantity 
produced, the term creosote being used in its broadest 
sense. 

The chart on p. 3124 details on a flow diagram the pro- 
gress of a complete distillation of tar to pitch, together with 
the products available commercially at present either as 
separate compounds or groups of compounds, and obtain- 
able by further treatment of the primary products of distilla- 
tion. Road tar and other refined tars find no mention on this 
chart, as their method of production and uses have been 
adequately covered. A quantity of ammoniacal water is 
recovered along with the crude naphtha, and is separated 
and sent for purification with the main bulk of ammoniacal 
liquor from the gas works. The crude naphtha may contain 
up to 60% of light spirit, the remainder consisting largely of 
naphthalene, together with a small percentage of phenols 
and bases. These latter two groups of substances are re- 
moved by washing the oil with 10% NaOH solution and 
25% H 2 SO 4 respectively. The washed oil is then frac- 
tionated to recover the light spirit, which passes to the 
benzole plant for purification along with the remainder of 
the crude spirit recovered direct from the gas by the wash 
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oil or active carbon process. The spirit is either sub- 
mitted to the acid-washing process and then fractionated, 
or given a preliminary wash with dilute NaOH and dilute 
HjS 04 , fractionated, and treated by the inhibitor process 
[13, 1933], which consists in adding to the freshly distilled 
spirit an extremely small percentage of a given compound 
possessing the property of inhibiting gum formation. The 
crude spirit is often given a preliminary distillation to 
separate it into appropriate fractions before it undergoes 
either of the above treatments. The selection of a particular 
process of purification is governed by the requirements 
demanded of the finished product. A certain amount of 
carbon disulphide and other low-boiling compounds is 
obtained in the early stages of the distillation, but otherwise 


market in its original form. Anthracene oil, on cooling, de- 
posits crystals of crude anthracene which can be separated 
by means of a centrifuge or hydraulic presses and submitted 
to purification. This usually entails some form of solvent 
treatment, e.g. recrystallization from pyridine, and carba- 
zole and phenanthrene can, if required, be obtained as 
by-products. Sublimation is sometimes the final step in 
the purification process. The oil drained from the crystals 
of crude anthracene is often known as green oil, because of 
its distinctive colour. 

The pitch — that is, the residue remaining in the still at 
the conclusion of a complete tar distillation — is usually run 
into a preliminary cooler, after which it is allowed to flow 
into the appropriate cooling bay, of which there are usually 
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the finished products comprise pure benzene, pure toluene, 
and a close-boiling product consisting of the isomeric 
xylenes, together with motor benzole, solvent naphtha, and 
heavy naphtha. Apart from motor benzole they find exten- 
sive use in the dye-stuffs, rubber, explosives, dry-cleaning, 
and paint and varnish industries, &c., both in their natural 
form and as a basis for the synthesis of other compounds. 
For further information upon the production of benzole 
and allied products the reader is referred to text-books on 
the subject, such as Motor Benzole by Hoffert and Claxton, 
and The Principles of Motor Fuel Preparation and Applica- 
tion, vol. i, by Nash and Howes. The residue in the still 
after removal of the light spirit from the washed crude 
naphtha is run off into shallow cooling pans where the 
naphthalene is caused to crystallize out by simple atmo- 
spheric cooling. The crystals are freed from adhering fluid 
oil by centrifuging or hydraulic pressing, and then sub- 
jected to purification by a method to be described later. 
It should be understood that we are dealing with the tech- 
nique of tar distillation in a geneial manner, i.e. as applied 
to the treatment of a mixed type of tar. 

The light oils, or the second fraction obtained during 
the primary distillation of tar, contain more phenols and 
naphthalene than the crude naphtha. They are washed in 
the same manner for the recovery of phenols and tar bases, 
after which the oil is cooled and the naphthalene which 
crystallizes out treated as before. The oil is then frac- 
tionated to recover heavy naphtha, which is purified along 
with the spirit from the crude naphtha, and an oil suitable 
for the manufacture of disinfectant fluids. 

The middle oil is treated for the recovery of phenols, 
naphthalene, and benzole wash oils. The creosote fraction 
itself is not given any further treatment, but finds a ready 


several, fed from a single gutter or trough conveying the 
molten pitch from the plant. After it has been given time 
to solidify throughout, the pitch can be excavated in some 
convenient manner and dispatched to its destination. In 
cases where there are not several smaller bays available, the 
practice may be adopted of partitioning a large one, so that 
it can be filled in sections, thus avoiding the delay caused 
by filling the whole bay slowly and having to wait for the 
last batch to solidify before excavation can be started. 
The size of the bays will be governed mainly by the output 
of the plant and the ground space available. A pitch bay 
generally takes the form of a rectangular flat-bottomed pit 
several feet in depth with sides sloping inwards, the whole 
being concrete or brick lined and lime-washed to facilitate 
removal of the pitch after setting. Pitch is prepared on the 
basis of a predetermined degree of hardness, the so-called 
medium soft grade being most in demand, and this has a 
softening-point as determined by the Kraemer and Samow 
test of 65-75° C. Its uses will be discussed later with those 
of the remaining products. 

The phenols are recovered from the bulked alkaline 
extracts obtained from the washing of the crude naphtha, 
light oils, and middle oils with NaOH solution as 
previously mentioned. This aqueous extract generally 
contains a small amount of entrained or dissolved neutral 
oil, naphthalene, and pyridine bases and, as the finished 
products are usually required to give a clear solution when 
mixed with NaOH solution in given proportions, these 
impurities are removed at this stage by solvent treatment 
or steam distillation — usually the latter. The purified 
extract is then decomposed by the action of COa, either 
in a series of tanks by simple bubbling, or by a counter- 
current process in a packed tower. The gas is obtained 
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either from a lime kiln or as a. waste gas from ammonium 
sulphate manufacture. On settling the treated liquor, 
the crude phenols rise to the surface and are separated, 
the lower aqueous solution of sodium carbonate being 
recausticized with lime and returned to the oil-washing 
process. The crude phenols are treated with sulphuric 
acid of 70-80% strength to lower their water content, 
and at the same time neutralize any alkali present. They 
are then submitted to a series of fractional distillations, 
usually under vacuum, by which means pure phenol, 
a well-defined mixture of cresols, and a fraction consisting 
mainly of xylenols are obtained. The cresol fraction is pre- 
pared in accordance with different specifications mainly 
demanding certain proportions of the three isomers, ortho-, 
meta-, and para-crcsol. In addition, pure i?-cresol can be 
obtained by efficient fractionation and rccrystallization, but 
a chemical separation is required to isolate the meta- from 
the para-isomer. If required, also, certain members cf the 
xylenol group can be concentrated in close fractions. 

Tar bases, or pyridine and its homologucs, are found in 
loose combination with the sulphuric acid used for washing 
the crude naphtha and the light oils. For their recovery it 
is necessary to neutralize the sulphuric acid by some means, 
and on a works operating an ammonia-recovery plant this 
is usually carried out with gaseous ammonia. This opera- 
tion is conducted in a closed vessel so that the vapours 
evolved owing to the heat of reaction between the ammonia 
and the sulphuric acid can be conducted away and con- 
densed to avoid loss of pyridine. The solution of ammo- 
nium sulphate remaining after separation of the released 
bases can also be steamed to recover any of the latter 
remaining dissolved in the liquor, before it is sent forward 
to the ammonium sulphate plant. The crude bases arc then 
steam distilled to a given point and the pyridine, &c., re- 
covered from solution in the aqueous distillate, by treat- 
ment of the latter with strong caustic soda solution. The 
separated bases are dried by caustic-soda treatment and 
fractionated to give either pure pyridine or a mixed fraction 
according to specification, the general demand being for 
a material giving 90% distillate up to 140° C. If required, 
higher boiling fractions can be obtained from the still resi- 
dues. In place of the ammonia, lime or soda ash may be 
used for neutralizing the original acid extract, the remainder 
of the process being similar to the above. Before neutraliza- 
tion, also, the acid extract should be freed from oily or 
resinous matter likely to impair the quality of the product. 

The crude naphthalene obtained from the crude naphtha, 
light oil, and middle oil is treated with 3-4 by weight of 
Strong sulphuric acid, and with caustic soda solution, to 
remove the impurities, after which it is fractionally distilled 
to give a high-grade product which is run into cooling pans 
and allowed to solidify. This material may be crushed and 
pressed into balls or tablets, or otherwise prepared for 
dispatch, or it may be sublimed from steam-heated pans 
to give a fine-flaked product. The uses of naphthalene are 
varied, and among the better known are those in connexion 
with dye-stuffs, synthetic resins, synthetic tannins, drugs, 
explosives, and patent fuels, and its use as an insecticide, 
fumigant, and general insect repellant. Recent develop- 
ments have been the increased use of naphthalene for 
conversion into its hydrogenation products deca- and tetra- 
hydronaphthalene, otherwise known as ‘decalin’ and 
‘tetralin’ respectively, which find employment as solvents 
or turpentine substitutes, and the chlorination of naphtha- 
lene to yield synthetic waxes capable of wide industrial 
application, and said to possess excellent flameproofing 
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and waterproofing properties. Flake naphthalene has been 
used as artificial snow in the cinematograph industry. For 
more detailed information regarding naphthalene such as 
its properties, constitution, &c., reference should be made 
to Thorpe’s Dictionary of Applied Chemistry y suppt. vol. ii. 

The phenols of high-temperature tar find extensive 
application nowadays in the synthetic resin industry, and 
thereby make contact with industries far too numerous to 
mention. Their disinfectant and antiseptic properties are 
well known, the higher homologues being more efficient in 
this respect, whilst the chlor-derivatives are even more 
effective. The cresols find one outlet in the manufacture of 
‘LysoF. The phenols constitute the active agent in the 
emulsifying type of disinfectant previously mentioned, and 
consisting of a mixture of tar oil and specially prepared 
soap. The oil chosen for this purpose usually contains 
sufficient phenols in its original form, and as this type of 
disinfectant emulsifies when mixed with water, it generally 
exhibits a greater germicidal efficiency than would be ex- 
pected from its composition alone, due, no doubt, to the 
increased area of contact resulting from dispersion into fine 
particles. Hydrogenation is now carried out upon phenol 
and the cresols with the formation of cyclohexanol and 
methyJcyclohexanol, which substances find considerable 
use for general solvent purposes, particularly as plasticizers 
in varnishes and lacquers. Aromatic hydrocarbons can 
also be produced by the hydrogenation process when 
applied to phenols, but as far as is known no commercial 
developments in this direction have taken place. Triphenyl- 
phosphate and tricresyl-phosphate are other derivatives 
which function successfully as plasticizers, e.g. in the pre- 
paration of photographic film. Familiar uses of the phenols 
are, in the production of medicinals such as salicylic acid, 
methyl salicylate, sodium salicylate, and aspirin, in the dye- 
stuffs industry, in the refining of lubricating oils, and in 
the production of photographic chemicals and synthetic 
tanning materials. In addition they are found in many 
toilet preparations, and serve as a raw material in the 
manufacture of synthetic perfumes, whilst in a national 
emergency they are in great demand for the production of 
explosives. The quality of the commercial phenols generally 
conforms to one of the following British Standard Speci- 
fications (B.S.S.): nos. 515, 516, 517, 521, 522, 523, or 524 
of 1933, or to a given pharmaceutical standard. The 
determination of the Rideal-Walker coefficient of a fluid 
disinfectant, i.e. its germicidal power compared with that 
of pure phenol, is governed by B.S.S. no. 541-1934. It 
should be mentioned that, considering the phenols nor- 
mally recovered from a tar in their entirety, the phenol 
content decreases and almost disappears, whilst the amount 
of cresols and higher homologues present increases as one 
passes in turn from horizontal-retort tar to vertical-retort 
tar and finally to low-temperature tar. In collaboration 
with the British Cotton Industries Research Association, 
the Chemical Research Laboratory has developed a phenolic 
wetting agent under the name ‘ShirlacroF which has as its 
basis a specially selected fraction of tar acids from vertical- 
retort or low-temperature tar. Phenol and its homologues 
have been reviewed at some length under that heading and 
under the heading of carbolic acid in the supplement of 
Thorpe’s Dictionary, 

The term creosote may be applied to a number of grades 
of tar oil, but, in general, it denotes the fraction shown in 
the chart, mixed, perhaps, as circumstances require, with a 
quantity of anthracene oil. Its main use is in the preserva- 
tion of timber, and for this purpose it must conform to 
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a number of specifications originating in various countries 
and compiled in many cases by railway authorities. In 
Great Britain creosote to B.S.S. no. 144-1936 is usually 
employed, and it is worthy of note that special provision 
has been made therein for ‘ Scottish ’ creosote, thus recog- 
nizing the different tar-producing qualities of Scottish coals. 
At one time the U.S.A. absorbed about 70% of the British 
production, but since 1929 its requirements have been 
increasingly met by home production, with the result that 
exports of creosote to that country during 1933 were only 
one-sixth that of 1929. Fortunately this has been offset to 
a considerable extent by increased demands from European 
countries and the encouragement of a home market for 
creosote for fuel purposes and for hydrogenation. In re- 
gard to the latter phase mention must be made of the 
hydrogenation plant erected by Imperial Chemical In- 
dustries at Billingham, which commenced operations with 
creosote as the raw material, from which substance it is 
proposed to produce one-third of the total motor-spirit 
output of the plant, which is of the order of 45 million 
gallons per annum. The figure of 90 million gallons for 
the production of creosote in the United Kingdom during 
1934, compared with 72 million gallons in 1933, seems 
to reflect the position, even if allowance is made for the 
possible inclusion of low-temperature creosote in these 
returns. Attempts have been made to develop the use of 
creosote in spark-ignition engines, but after exhaustive 
trials by several transport companies they must at present 
be considered unfruitful, although valuable experience 
has been gained and further research may ultimately 
reverse the position. The use of creosote alone as a fuel 
for compression-ignition engines has not developed to 
the extent expected, mainly on account of its high spon- 
taneous ignition temperature, but the encouragement of 
a tariff on imported oils will no doubt stimulate research 
to overcome this difficulty, either by some treatment of the 
oil such as the addition of a cheap primer, or by changes 
in engine design. Creosote can, however, be used satis- 
factorily as a furnace fuel, and finds considerable applica- 
tion in this respect, B.S.S. no. 503-1933 covering such 
material. Further uses of creosote are as wash oil for the 
recovery of benzole, &c., from coal gas, in certain ore- 
flotation processes, and as a fluxing medium in the pro- 
duction of cut-back bitumens. 

The main use of pitch is as a binder in the manufacture 
of coal briquettes. Its use in this connexion will doubtless 
continue, although attempts are being made to dispense 
with the binder and utilize the plastic properties of the coal 
substance. In the manufacture of briquettes the importance 
of the size of the coal particles has been recognized, whilst 
recent work upon different pitches [4, 1933; 5, 1933; 23, 
1935] has shown that the softening-point alone is not a 
sufficient criterion of the briquetting properties of a pitch. 
Briquetting pitches have been resolved into fractions by 
solvent treatment in a manner similar to that quoted for 
tar and their compositions compared on the basis of the 
strength of the corresponding briquettes. By this means it 
has been found possible to specify an optimum average 
composition for a good briquetting pitch. Pitch has its uses 
also in the building and electrical trades, either as a water- 


proofing or insulating medium, whilst it answers a similar 
purpose when adopted in some form as a protective coating 
for underground pipes. Pitch coking, a number of pro- 
cesses for which are available, produces a coke well suited 
to the requirements of the electrical industry. Black paints, 
varnishes, and enamels often contain pitch as an ingredient. 

Tar bases, regarding whose use no mention has yet been 
made, find employment mainly as solvents, as a denaturant 
for alcohol, and as a raw material in the production of 
rubber accelerators of the piperidine class. 

For the sampling of coal tar and its products the reader 
is referred to B.S.S. no. 616-1935, and for testing and 
analysis to Standard Methods for Testing Tar and its Pro- 
ducts published by the Standardization of Tar Products 
Tests Committee, 166 Piccadilly, London, W. 1. 

For an account of the historical development of the coal- 
tar industry, the publications of Accum [2, 1818] and 
Lunge [16, 1887] should be consulted (see also Heyden- 
reich [11, 1931] and Malatesta [17, 1920]). 


Consumption of road tar by various countries. 
Tons* 


World production 
of crude coal tar. 





Great 

Million tons* 


France 

Germany 

U.S.A. 

Britain 

1927 

7-5 

1924 

1925 

97,000 

135,000 

3,000 

12,000 



1928 

8-2 

1926 

1927 

157.000 

182.000 

60,000 

85,000 


700,000 

1929 

8-8 

1928 

1929 

239.000 

367.000 

, 97,000 

; 120,000 

1 500,000 

750,000 

1930 

80 

1930 

1931 

450.000 

469.000 

1 151,000 

1 117,000 



1931 

6-8 

1932 

1933 

520,000 

1 513,000 

1 125,000 

1 150,000 

600,000 

875,000 


World Production of Crude Tar 

I Amount in 1,000 tons* 


Country 

1927 

1929 

1931 

1933 

1934 

United States . 

2,490 

3,020 

2,050 

1,550 

2,200 

Great Britain . 

1,810 

1,980 

1,660 

1,600 

1,750 

Germany 

1,500 

1,750 

1,100 

1,150 

1,250 

France (incl. Saar) 

590 

690 

680 

642 

672 

Soviet Russia . 

75 

110 

150-200 



Belgium . 

190 

200 

175 

150 


Canada . 

110 

130 

110 



Czechoslovakia 

1 110 

130 

no 

no 


Netherlands 

70 

90 

100 

130 


Australia 

100 

no 

100 


128 

Japan 

80 

100 




Poland 

80 

100 

80 

130 

*96t 

Italy 

45 

50 

50 

90 

91 

Spain 

40 

45 

40 

80 


Austria . 

30 

40 

30 



Switzerland 

30 

40 

30 

*28 



Consumption of Road Tar by Various Countries in 1933* 

Belgium . . 10,000 tons Switzerland . 13,000 tons 

Holland . . 11,000 „ Spain . 8.000 

Italy . 14,000 „ Czechoslovakia 8,000 „ 

♦ Figures given represent metric tons, 
t 1935. 
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2758. 

use in refining, 1718-24, 1736. 
Alkalinity: 

greases and high-pressure lubricants, 
1457-8. 

oilfield waters, 654. 

Alkyl: 

amines, 947. 
benzenes, 945. 
chlorides, 2661-2. 
disulphides, 1037. 
halides, 936, 937, 941, 944. 
peroxides, 2872, 2873. 
sulphates, 2808. 
sulphides, 1037, 1038. 

Alkylated benzenes, 988. 

Alkylation, 2122, 2137. 

Alkylene oxides, 2784, 2785. 

Allan Moore wax sweater, 1959-60. 

Allen, crude, properties, 848. 

Alienee: 

chemistry', 951, 952. 
light distillates, 1711. 
polymerization, 966, 967. 

Allenic trienes, 952. 

Allophane, 461. 

Alloys, elements, 2259. 

non-corrosive, 752, 753. 

Alluwe, Okla., gas-drive data, 579. 

Almcn : 

film strength, 2604-5. 
machine, 2568 et seq., 2603 et seq. 
wear tests, 2604-5. 

Alpha radiation, and the origin of petro- 
leum, 37, 48, 49. 
rays, and hydrocarbons, 40. 

Alpine foredeep pools, 63. 

foreland zone, Bavaria, 184, 188. 
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Altamira oilfield, 100. 

Alternating current: 

frequency standardization, 2362. 
generators, 2363. 

Alumina, adsorbent, 1060, 1061. 
Aluminium : 

base greases, 2592. 
catalyst, 2658. 
steels, 2274. 

chloride, catalyst, 2059-62, 2664-5, 
2667, 2670. 

cracking processes, 2079, 2086. 
reaction with paratlins, 939. 

Aluminous cement, 476 et seq. 

Amarillo, Texas: 

crude oil, 1943. 

Amatlan oilfield, 100. 

Ambrosio crude, 877. 

Amerada pressure gauge, 510. 

America : 

aviation fuels, 2444 et scq. 
natural gas analyses, 1504-5. 

(See also ‘Crudes’ and ‘U.S.A.’) 
American Meter Company flow meter, 
2341, 2346. 

Amines: 

Girbotol process, 1810-15. 
use as absorbents, 1810-15. 

Amino acids, 55. 

p-Aminophenol as gasoline oxidation in- 
hibitor, 1024 et seq. 

Ammonia : 

oil shales, 3084, 3087. 
oilfield waters, 648. 
refrigerant, 1938. 
refrigeration plant, 1802. 

Ammonium sulphate, Scottish shale oil, 
3106. 

Amorphizing agents, 1948. 

Amyl: 

alcohol, from pentanes, 2791, 2795, 
2798, 2810. 
amines, 2798. 
chlorides, 2790, 2798. 
mercaptans, 1035, 1037, 2798. 
phenols, 2799. 
tartrates, 2798. 
toluene, 2848. 

Amylenes, 947, 2807, 2810. 
dichlorides, 2779, 2787. 
from pentanes, 2798. 
reaction with sulphur, 1033. 
slow oxidation, 2944. 

Anaerobic decomposition, 55. 

degradation of fatty acids and oils, 52. 
environment, in relation to origin of 
petroleum, 35. 

Analysers, continuous gas, 2348-9. 
Analyses : 

alloys for tubing, 2282. 

ash, 1053, 3085. 

bitumens and asphalts, 2721. 

cement, 476. 

crudes, 930-4. 

fuel oil, 1428 et seq. 

gas oils, 2524. 

gases in equilibrium with crudes, 2416. 
gasolines, 1397-9. 
gilsonite, 2723. 

Grahamite, 2725. 

hydrocarbon mixtures, 1220, 1375. 
Mid-Continent crudes, 2416. 
muds, 449. 


natural gas, 1524-32. 
oilfield waters, 646, 653. 
oil shales, 3089. 
oil- wax mixtures, 1189. 
petroleum coke, 2772, 2774. 
petroleum products, 1388-1406. 
petroleum spirits, by Raman spectro- 
graph, 1213. 

transformer oils, 1443 et seq. 
waxes, 1433 ct scq, 

(Mechanical) clays, 460. 

Analytical distillation, lubricating oils, 
1416. 

Anauxite, 460. 

Ancon oilfield, Ecuador, 118. 

Aneroid calorimeters, 1228-9. 

Angola, 152. 

Anhydrite, Germany, 257. 

Aniline, anti-knock compound, 3027-8. 

Aniline equivalents, 2951-3, 3006, 3009, 
3015. 

Aniline-point, 1378, 1380, 1398. 
effect of solvent-refining, 1835-6. 
fuel oils, 1430. 
gas oils, 2524. 
parattin waxes, 1434. 
relation with .specific gravity, 1835. 

Animal oils as Diesel fuel, 2498. 

Annealing oils, 2653. 

Annona Chalk, 86. 

Anomalous viscosity, 1099. 

Ansolvo acids, 2062. 

Anthracene, chemistry, 983. 

from lower hydrocarbons, 2010, 2011, 
2014. 

Anthraquinone, 983. 

Anticlinal theory of origin of oil, 218, 269, 
270. 

Anticlines, and geophysics, 376, 377. 

Anti-corrosion oils, 2655. 

Anti-knock compounds, 2913, 29 1 4, 29 1 6, 
2922-4, 2929, 2934, 2952, 2964, 2965, 
3024-9, 3033, 3044-5. 
analytical methods, 3028-9. 
catalytical effect, 2977. 
commercial compounds, 3027-8. 
effectiveness, 3024-7. 
spontaneous ignition temperatures, 
2974-5. 

Anti-knock fuels, 2140-2, 2403, 2431, 
2432, 2437, 2453. 

Anti-knock values: 
deterioration, 1024. 
distillates, cracked, 1754-5. 

light. 1709-11, 1713, 1743. 
isobutenes, 1755. 
kerosene, 2484. 
plumbite process, 1727. 

Anti-oxidants, 2125. 

in the petroleum industry, 3033-53. 

Anti-solvents, wax, 1948 et seq. 

Antofagasta (Chile), oil shale, 3092. 

Anzoategui exploratory wells, 106. 

A.P. I. gravity tables, 1130-2. 

Apiezon oils, 2594. 

Apobornylene, 976. 

Apocyclene, 974. 

Appalachian fields, lenticular sands in, 
234. 

Appalachian Geosyncline Province, 66, 
69. 

Apparent viscosity, Bingham body, 736. 

Apennines, oil occurrences, 189. 


Apsheron region, U.S.S.R., 900, 914, 
917. 

Apsheron Peninsula, 155 et seq. 

Aquadag, 1064. 

Aragon formation, Tampico-Tiixpan 
region, 10.3. 

Arakan (Assam), stratigraphy of, 133. 
Arbucklc formation, 79. 

limestone, 243, 339. 

Arc method, seismic prospecting, 384. 
Argentine : 

crudes, 881-3, 1216. 
gaslift practice, 586. 
grahamite, 2725. 
petroleum distribution, 120. 
production, 533. 

‘Argille scagliose’, 189. 

Arivesti Dome (Roumania), resistivity 
map, 347. 

Arkansas : 

gasoline analyses, 2125. 
oilfields, 67. 

Aromatics ; 

(see Benzene group). 

Alco pyrolysis, 2049, 2050. 
blending agents, 2823. 
chemistry, 977-84. 
condensation of olefines, 1742-3. 
cracked ga.solines, 997, 998. 
dehydrogenation products, 2137. 
estimation, 1398, 1399. 
extracted from kerosenes, 1888-9. 
gasolines, 2125. 
heat of combustion, 1358. 
hydrogenation, 2134, 2135. 
knocking characteristics, 3012, 3018, 
.3019. 

lead susceptibility, 3031. 
light distillates, 1708-9. 
lubricating oils, 1760, 1761, 2576. 
naphthas, 1183. 
physical constants, 1146. 
pyrolysis, 2001-3, 2103. 
reactions with sulphuric acid, 1742-3, 
2764. 

slow^ combustion, 2886, 2887. 
slow oxidation, 2944. 
spirits, manufacture by distillation, 
1668 9. 

spontaneous ignition temperatures, 
2974. 

thermal data, 2093, 2094. 

U.S.S.R., 905 et seq. 

Arsenious oxide, 'I'hylox process, 1806-7. 
Artem Field, U.S.S.R., 900, 914. 

Artesian pressures in oil pools, 226. 
Arveson constant shear vi.scometer, 1072. 
Arylacetylencs, 980. 

Arylolefines, 980. 

Asbestos fibre cement, for insulation, 
2241. 

Ash: 

bitumen, 1439, 2752. 
carbon-black, 2855. 
fuel-oil, 1432. 

greases and high-pressure lubricants, 
1458-9. 

lubricating oils, 1425. 
oil shales, 3085. 
petroleum, 1053. 
petroleum coke, 2774, 2775. 

Asia, geographical distribution of oil, 64. 
Askania magnetometer, 332. 



Asmari limestone, 145 et seq. 
and porosity, 221. 

Asphalt, Asphalts: 49, 52, 189, 195, 292, 
1139, 2700, 2710, 2760. 
adsorption, 1061. 
cements, 2728 et seq. 
emulsions, 1063, 1064. 
fuel burners, 2534. 
fuel oils, 1430. 

lubricating oils, ‘1261 , 1421, 1463. 
Mexico, 875. 

Mid-Continent, 842, 850. 

mining, 640-3. 

paving mixtures, 2736-9. 

physical properties, 2583 5. 

production, 2127. 

propane removal, 1966 71. 

reactions with sulphuric acid, 2764. 

rock, 640 et seq. 

scams, 640. 

specifications, 2742. 

transformer oils, 1445- (>. 

veins, 640. 

world production, 21, 29. 

Asphaltenes, 16, 1421, 1430, 2623, 2627, 
2760. 

Asphaltic : 

bitumen, 2690, 2744. 2745, 2760. 
cement specifications, 2744-5. 
crude hydrogenation, 2144. 
matter in Diesel fuel, 2498 9. 
oils (seepages), 295. 
products for roads, 2728. 
seepages, Mexico, 103. 

Asphaltite, 16. 

Asphaltogenic acids, 1015. 

Asphaltum, 16. 

Assam oilfields, 133. 

Assemblage, mineral, 312 et seq. 
Astrakhan City, U.S.S.R., 165. 

Athabasca (Alberta), tar sands, 292. 
Atmospheric corrosion, 2313. 

pressure fractionating columns, I Ml. 
Atomic chain theory, hydrocarbon com- 
bustion, 2873. 

linkages in hydrocarbons, energy of, 
1357. 

rcfractivity of hydrocarbons, 1172, 
1174. 

Atomization of fuel oil, 2549. 

in burners, 2527-30. 

Attapulgar clay, wax filtration, 1436, 
1958. 

Attock District, Punjab, 138. 

Augusta oilfield, buried anticline, 241. 
Austin Chalk, 85. 

Australia: 

distribution of petroleum, 65, 124. 
natural gas analyses, 1 509. 
oil shales, 3081, 3090. 

Austria, and motor-fuel supplies, 2412. 

crude petroleum from, 930. 
Authigenic minerals, 312. 

Autoclaves, grease manufacture, 2586-7. 
Auto-ignition, 2991. 

Automatic : 

blow-out preventers, 434. 
feed-drilling control, 412-13, 671. 
Automobile : 

engines, alcoholic fuels, 2454. 
fuels, knock rating, 3057-63. 
lubricants, 1471. 
registration, U.S.A., 2124. 
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Autoxidation, 3040-2. 
cyclohexene, 1020. 

Autun (Sa6ne et Loire), oil shales, 3081, 
3090. 

Avant, crude, properties, 845. 

Okla., gas-drive data, 579. 

Aviation fuels, 2383, 2428, 2431, 2442. 

2444 et seq., 3063-5, 3071. 

Axle greases, 2591. 


Bacau District, Roumania, 167. 

Back- pressure: 

control valves, 2356. 
liquid level meters, 2347. 
on producing formations, 548-9. 
valves for drill-pipe, 433, 435. 

Bacteria : 

causing corrosion, 748. 
origin of oil, 36, 43, 52, 54, 59. 
sulphate reduction, 1033. 
sulphur, relation to corrosion, 2317. 
Bacuranas field, accumulation in igneous 
rocks, 261. 

Badarpur field, Burma, 135. 

Bafiles: 

heat exchangers, 2214 et seq. 
separatois, 607, 608. 

Bahrein Islands crude petroleum, 895. 
Baichunas field, U.S.S.R., 164, 908. 
Bailers, 600-5. 

Bailey: 

draught gauge, 2340. 
gravity meter, 2348. 
indicating How meter, 2341-3. 
weir flow meter, 2346. 

Bakhtiari Beds, Kirkuk field, 145, 
149. 

Baku : 

crudes, 900, 914, 1216. 
gas-lift practice, 586. 
najditha distilled fractions, 11811. 
Haladjarv, U.S.S.R., 159. 

Balakhanv, U.S.S.R., 155, 158, 900, 914, 
2582. 

Balanced method, cementing, 467, 575. 

plugging-back, 472. 

Balchaschitc, 49, 51. 52. 

Balcones fault, 67, 84. 85. 218, 252. 

Balik Papan crude, 888-9. 

Balloons, steel, 832-3. 

Baluchistan, 138. 

Bana field, Roumania, lb9. 

Banatyne field, 92. 

Banks of pipc.s, flow of liquids and gases, 

2207. 

Barat, Albania, 172, 

Barbados, Glance Pitch, 2726. 

Barbers Hill distillates: 

nitrobenzene extraction, 1906. 

Barbey ixometer, 1410 11. 

Barbituric acids, 1094. 

Barges, calibration, 712, 713. 

Barisol dewaxing process, 1950-2. 
Barium in oilfield waters, 655. 

Barkly Tableland, Australia, 124. 
Barlow’s formulae: 

bursting strength of casing, 486. 
tubing design, 2289. 

Barnickel’s process, 616, 617. 
Barrackpore oilfield, Trinidad, 108. 
Barrelling-machine, wax, 1961. 

Barrier Beaches, 230. 
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Barro Negro de Tres Cruces, Argentine, 

120 . 

Bars, off-shore, 230, 232. 

Bartlesville oil sands, 79, 504. 

Barzalosa Beds, Colombia, 116. 

Base Exchange, clays, 1699. 
maps, 276. 

Bastrop County (Texas), accumulation in 
igneous rocks, 262. 

Batch fractionating and stripping columns, 
1659, 1660. 

stills, 1665-6, 2691, 2704. 

Batteries, shell-still, 1594. 

Baum6 scale, 1139, 2322. 

Bauxite, adsorbent, 1061. 

kerosine treatment, 1683. 

Bauxitic minerals, 461. 

Bavaria, distribution of petroleum, 184. 
Baxter Basin dome, 68. 

Baver process, active carbon manufacture, 
1480. 

Bazna field, Transylvania, 168. 

Beaches, barrier, 230. 

Beaker corrosion test, 2605. 

Bearings : 

lubrication, 2559 et seq., 2595-6. 
metals, 2569, 2602 et seq. 
torque-load relationship, 2608. 
w’ear, 2603-4, 2606. 

Beaver Creek sand, 73. 

Beidellite, 461, 1699. 

Belgian Congo, 152. 

Bend Arch, buried anticline, 242. 
Province, 67, 82. 

Benevento Apennine, asphaltic oil, 191. 
Benthos, 58, 307. 

Benton cracking process, 2079, 

Benton (U.S.A.) crude properties, 844. 
Bentonite, 453, 455, 457, 459-62, 1699. 
bituminous emulsions, 2706, 2754. 
cements, 466, 481, 575. 
clays, 313. 

drilling fluids, 450, 451, 1065-66. 
Benzanthracenes, 984. 

Benzene: 

benzol pyrolysis, 2045-8. 
blending agent, 2823-4. 
calorific values, 1243. 
cryoscopic agent, 1296. 
discovery, 2079. 

East Indies crude, 890. 

frequency shifts, 1209. 

group, 977-84, 987. 

high-pressure combustion, 2886, 2887. 

ignition, 2961. 

miscibility with alcohol, 2826. 
oxidation, 2953. 
pyrolysis, 2(X)5. 
sulphostearic acid, 623. 
sulphur dioxide, solvent extraction, 
1895 et seq. 

Benzenoid crude, average composition, 48. 

hydrocarbons, 50, 988, 989. 

Benzol : 

-acetone, dewaxing, 1962-5. 
anti-knock material, 2433, 3074. 
gum, 1016, 1021, 1024. 
motor fuels, 2406-7. 
pyrolysis, 2045-9. 

Berea sandstone, 75, 235, 

Berekei, U.S.S.R., 160. 

Bergius process, hydrogenation, 2135, 
2149-51. 
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Berkh6pen field, Germany, 187. 
Bermudez Lake asphalt, 292, 2710-12. 
Bemonulli's theorem (measurement of 
flow), 689, 2340. 

Bibi-Eibat fields, U.S.S.R., 159, 900, 
914, 987. 

Biecz crudes, 929. 

Big Lake, buried structure, 242. 
crudes, 843. 

Big Lime Series, 67, 88. 

Big Snowy anticlinorium, 89. 

Binagady, U.S.S.R., 155, 159, 900, 914. 
Binder coagulation, bituminous emul- 
sions, 2707. 

Bingham and Green, plastometer, 1107, 
1108. 

bodies, 734 et seq. 
viscometer, 1072. 

Bingham, Pa., gas-drive data, 579. 
Biochemical formation of petroleum, 37, 
51, 54. 

Bisabolene, 976. 

Bitkow oilfield, 181, 927, 929. 

Bits, 403, 409, 430-2, 446-7. 

Bitumens: 124, 292, 293, 906, 2690, 2710, 
2760. 

analysis and testing, 1438 et seq., 2752. 
emulsions, 1440, 2706-9, 2754 et seq. 
enamels, japans, paints, and varnishes, 
2748 et seq. 
nomenclature, 1517. 
specific gravities, 2583-5. 

Bituminous : 
coals, 247. 
limestones, 932. 

oils, sulphur compounds, 1042-6. 
pipeline coatings, 753-5. 
sandstones, 32. 
shales, 191. 

‘Black Arts’ Survey methods, 324. 

Black Sea, organic matter, 58. 

Blackening oils, 2654. 

Blacks, 2851 et seq. 

Blanket insulation, 2240. 

‘Blaugas’, 2079, 2459, 2460, 2520. 

Bleach Rating, clays, 1700-1, 

Bleaching clays, 1699. 

powder, 1731, 1732. 

Blemont, West Va., gas-drive data, 579. 
Blended oils, effect of air-treatment, 2701 . 
Blending agents : 

ethyl-alcohol-petrol-benzole mixtures, 
2826. 

methanol-petrol mixtures, 2823, 2824. 
patented, 2827. 

Blending octane number, 2069, 207 5,3015. 
Blimp tank, 818, 824. 

Block or sheet insulation, 2240, 2241 . 
Blocks, 298. 

Bloom- producing agents, 2662. 

Blow-out : 

control by drilling mud, 416. 
preventers, 433-4. 

Blown asphalt, 2700 et seq., 2718. 

Blown oil, properties of, 2701. 

Blue flame appliances, wick-fed, 2482. 
gas, 2501 et seq. 

Board of Trade regulations, fuel oil at sea, 
2552-3. 

Boela (Ceram) oilfield, 131. 

Boeton asphalt, Dutch East Indies, 2720. 
Boggs, West Va., gas-drive data, 579. 
Boghead coal, 3081, 3089, 3090. 
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Bohuslavice (Czechoslovakia), crude oil, 
931. 

Boilers : 

fuel-oil burning, 2553. 
house, 2374-5. 
oilfield, 402, 409. 

Scotch marine, 2556. 
superheated, 659 et seq. 

Boiling- point: 

correction for pressure, 1280 et seq. 
curve (T.B.P. Curve), 1580. 
cbullioscopic method for determining 
molecular weights, 1298. 
hydrocarbons, 1172, 1326-46. 
lubricating fractions, 2580. 
measurement and apparatus, 1 632 et seq . 
molal average, 1274 et seq. 
petroleum fractions, 1377. 
volumetric average, 1274 et seq. 

Boiling range, effect of solvent-refining, 
1837. 

Boldesti crude, 920. 

Bone degreasing, by petroleum solvents, 
2463. 

Borelis (Alveolina), 309. 

Borger, crude, properties, 846. 

Borneo crudes. 888-9. 
distillates, 2583. 
oilfields, 131. 

Bornylene, 976. 

Boron, estimation in oilfield waters, 651 . 

tri-fluoride, catalyst, 2062, 2658. 
Boryslaw crude, 928. 
field, 180, 245, 253. 
ozokerite from 177, 181, 293, 295. 
sandstone, 179, 181, 250. 

Bothwell crude oil, Canada, 866. 

Bottled gas, 1535, 1537-8. 

Bottom allowances, tank, 679, 712, 713. 
Bottom-hole differential pressure, 560. 
pressure measurement, 508. 
samples, 523. 

temperature measurement, 516. 
Bouncing-pin indicator, 3061-2. 
Boundary lubrication, 1408, 2566, 2568- 
9, 2629, 2634-5, 2642. 

Bourdon gauge, 1289, 2329 ct seq. 

electrical relay controls, 2354. 

Boz Dagh (Baku), mud volcano, 291. 
Bradford, Pa.: 

gas-drive data, 579. 
geology, 71 . 
ultimate recovery, 549. 
water flooding, 535, 538, 550, 554. 
Bradford Sand, and permeability, 199, 
201, 202, 536. 

Brandon spirit, spectra, 1214. 

Brantley drilling control, 412. 

Brass : 

fibre structure, 2574. 
heat exchanger tubing, 2293. 
Bravaisite, 462. 

Brazil, oil shales, 3092. 

Brea Canyon, Calif., gas-drive data, 579. 
Brea Olinda, crude, analyses, 853-6. 
Breakaway torque, 2568, 2616, 2618, 2631. 
Break-down : 

bituminous emulsions, 2708-9. 
voltage, cable oils, 1448, 1451-2. 
Breaking-point test, bitumen, 1440-1. 
Breather bags and roofs, 789, 818, 832-3. 
Wiggins, 822. 

Breathing losses, evaporation, 830. 


Breccias, 298. 

Breckenridge, crude, properties, 844. 
Brick, emissivity of, 2206. 

kilns, oil-fired, 2543. 

Bright stocks : 

clay treatment, 1684-5. 
low-pour, 2677. 

Pennsylvanian, 2637-8. 

Brighton (Trinidad) oilfield, 106, 880. 
Brine, association with oil, 293-5, 653-4. 
bromo-iodic, Italy, 189. 
dilution of drilling mud, 416. 
refrigeration, 1931 et seq. 

British Air Ministry aviation fuel speci- 
fications, 2437, 2438. 
oxidation test, 1419-20. 

British India, see India. 

British practice in regard to aviation 
fuels, 2431. 

standard specification for rolled asphalt, 

2744. 

Bromine, oilfield waters, 655. 
value, lubricating oils, 1421. 
olefines, 1398. 

Bromoprenc, 948. 

Brown : 

electric flow meter, 2341-2. 
null-type potentiometer recorder, 2349. 
trend-analysing controller, 2354-5. 
Brow'n and Souders method (separation 
of hydrocarbons by distillation), 1565. 
Bubble towers, 1467, 1468, 1485. 
Bubble-plate columns, 1639, 1641, 1642. 
Buchivacoa crude, 877. 

Bu^sani (Roumania), electrical soundings, 
348. 

Buena Vista, Calif. : gas-drive data, 579. 
Building materials, thermal conductivity, 
2204. 

Bulgaria (Bresnik district), oil shales, 3090. 
Bulk measurement : 
fluids, 2346. 
oil, 713-16. 

Bullet tank, 818, 824. 

Bunker C grade fuel oil, 2534. 

for carburetting, 2511. 

Buoyancy method, density, 1290. 
Burbank, Okla.: 

crude, properties, 845. 
gas-drive data, 579. 
oil sands, 79. 

variation of production with porositv, 
548. 

Burdekin River Basin, Queensland, 124. 
Buried anticlines, 240 ct seq. 
channels, 234. 
hills, 240. 
ridges, 378, 379. 
sand bars, 234. 
structure, 241. 
topography, 240. 

Burma crudes, 891-3. 
oilfields, 133, 137. 
oil seepages, 292. 
shales, 3090. 
wax, 1942. 

Burners, oil, 2374, 2525 et seq. 

Burning oil distillates, hydrogenation, 
2143-5. 

Burning tests, kerosenes, 1403. 
Burst-tests, pressure vessels, 2298. 
Bursting strength, casing, 486. 

Burton cracking process, 2079-81. 



Bush City (Kansas), sand bodies, 233. 
Bu^tenari field, Roumania, 1 69, 254, 920. 
Butadiene : 948, 1711, 2806, 2810.’ 
from propane, 2014. 
from pyrolysis, 2002. 
from vapour-phase cracking?, 2117. 
hydrogenation, 950. 
polymerization, 951-4. 
removal, 986. 

Butane, 937, 1181. 
calorific values, 1243. 
combustion, explosive, 2879. 
high pressure, 2886. 
slow, 8942. 

cracking, 2100, 2104-5. 
dehydrogenation, 2037-40, 2120. 
drilling, 669. 
gaseous volumes, 1244. 
liquefied, 1534 et seq. 
oxidation, 2953. 

pyrolysis, 1994-5, 1997, 2000, 2005 
2017-19, 2034-7, 2045. 
recovery, 1490. 

Butanol, 2819, 2820. 

Butenes, 942-3, 947, 2806, 2810. 
isomerization, 2121. 
polymerization, 2666 7. 
pyrolysis, 1997-8, 2026-7. 
reactions with sulphuric acid, 1744-6, 
1748. 

Butler Co. (Kansas), sand bodies, 232. 
Butoprene, 948. 

Butyl alcohol, 2810. 
chloride, 2789. 
mercaptan, 1036. 

Butylenes : 

calorific values, 1243. 
benzole pyrolysis, 2045. 
catalytic polymerization, 2068. 
chemistry, 943. 
explosive combustion, 2880. 
from butanes, 2018, 2034-6. 
gaseous volumes, 1244. 
pyrolysis, 1997, 1998. 
reaction with sulphur, 1033. 
Butyraldehyde, slow combustion, 2870. 
Butyric acid, by hydrocarbon oxidation, 
1030. 

Buxiere, Oil Shales, 3081. 

Buzan District, Roumania, 168. 

Byerley process for the production of 
asphalt, 2700. 

Byers, Ohio, gas-drive data, 579. 


Cabin Creek, crude, 987-90, 1582-3. 

Cable-tool, see Percussion-tool. 

Cable oils, 1447 et seq. 

Cacalilao oilfield, 100. 

Cacheuta oilfield, Argentine, 121, 122. 

Caddo, pool, 86, 87. 
crude, properties, 847. 

Cadinene, 976. 

Cadmium metaphosphate, polymerizing 
catalyst, 2063. 

Cadmium pipeline coatings, 753. 

Calciferous sandstones, oil shales from, 
3080. 

Calcium, oilfield waters, 647, 653. 
hypochlorite, refining light distillates, 
1730. 

Caldwell County (Texas), accumulation 
in igneous rocks, 263. 
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Calgary field, Alberta, 866. 

Calibration : 
barges, 712. 
calorimeters, 1226-7. 
pipelines, 715. 
tanks, 678-82, 711 ct seq. 

California : 

analytical examination of crudes, 854-7. 
cracked naphtha, 1799 ct seq. 
distillates, 1911. 

nitrogen content, 1047. 
gas-drive data. 579, 580. 
gas-lift practice, 586. 
gasoline analyses, 2125. 
lubricating stocks, 1893-1901. 
oilfields, 68, 92, 93, 261. 
oil shales, 3092. 
petroleum coke, 2774-5. 
production, 533, 853. 

Callendar-Barnes flow calorimeter, 1229- 
30. 

Calorific value: 

Diesel fuels, 2490-1, 2497. 
fuel oil, 1430, 2525. 
gases and vapours, 1243. 
hydrocarbon gases, 1241. 
kerosene, 2473. 
measurcnwnt, 1227 et seq. 
oils, 1233 ct seq. 

Calorimeters, 1224 et seq. 

Calorimetry: 

energy unit, 1224. 
evaporation, 1225-6. 
heat transfer, 1225-8. 
temperature measurement, 1224-5. 
vacuum jackets, 1226. 

Cambrian oil, general distribution, 61. 
Cambrian Rocks: 

Australia, 124. 

Iran and Iraq, 140. 

U.S.A., 68. 79, 81. 

Cameras, Air, 284 ct seq. 

Campanian Beds, I'ampico-Tuxpan oil- 
fields, 102. 

Campeni field, Transylvania, 168. 
Camphane, 974. 

Camphenc, 975-6. 

C'amphcnilanc, 974. 

Canada, stratigraphical and structural dis- 
tribution of petroleum, 96. 

Canadian: 

crudes, 866, 1043-4. 
drilling system, 400. 
natural gas analyses, 1505, 1506. 
oil shales, 3080, 3092. 

Candles, 1435, 2686-9. 

Canncl coals, 3080. 
coal distillates, 47. 
oil shales, 3090. 

Caoutchoucs, 962-4. 

Capacitance method, lubrication film 
measurement, 2570. 

Capillarity; 
kerosene, 2480. 
migration of oil, 210-13. 

Capillary: 

adsorption, charcoal, I486, 
analysis, petroleum, 1061, 1062. 
chemistry, petroleum, 1057 ct seq. 
condensation, 1673. 
efflux instruments, 1107. 
error in thermometers, 2329-30. 
retention of oil in reservoirs, 545, 552. 
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type viscometers, 1072 et seq. 

Capitan, production data, 853. 

Cap-rock on salt masses, origin, 258» 
Carane, 973. 

Carbenes, 16. 

Carbide-forming alloying elements, 2259. 
Carbohydrates, 55. 

Carbon: see also Charcoal, 
black, 2851 et seq. 
from ethane, 2013. 
from methane, 2009, 2010. 
from oil gas process, 2513. 
from propane, 2014. 
deposition, cracking, 2112. 

engines, 1418, 1420, 2624. 
dioxide 

amine absorption, 1812-14. 
fire extinguisher, 2384, 2385. 
natural gas, 1502, 1504, 1509, 1525. 
radiation, 2189. 
recorders, 2348. 
refrigerant, 1938. 
total heat chart, 1934. 
water gas, 2168, 2169. 
vacuum distillation, 1441-2. 
disulphide 
ignition, 2962. 
in distillates, 1734, 1738. 
in gasoline, 1396. 
solubility, bitumens, 1439, 2752. 
electrodes, manufacture, 2773, 2775. 
formation in lubricants, 2619-20, 
2624-5. 

in cast iron, 2258 et seq. 
monoxide 

calorific values, 1243. 
combustion, 2888, 2942. 
gaseous volumes, 1244. 
natural gas, 1525. 
pyrolysis, 2002, 2004. 
ratios, coals, 46-7, 245-7. 
residue, alteration by clay treatment, 
1684. 

Diesel fuels, 2498-9. 
fuel oils, 1431 . 
gas oil, 1404. 
greases, 1455-6. 
lubricating oils, 1417-18. 
relation to specific gravity, 1833-5. 
solvent refining effect, 1833-5. 
tests, 1417-18, 2625. 
steels, 2274 et seq., 2296 et seq. 
tetrachloride, absorption of on silica 
gel, 1675. 

fire extinguishing media, 2384. 
solvent for ebullioscopic work, 1298. 
Carbonates in oilfield waters, 649, 653. 
Carbondale chiller, 1956. 

Carboniferous oil, general distribution, 
61. 

Carboniferous Rocks: see also Mississip- 
pian and Pennsylvanian. 

Australia, 124. 

Egypt, 151. 

Iran and Iraq, 142. 

Carbonyls, as anti-knocks, 2923. 
Carburetted blue gas, 2501-11. 

efficiency of manufacturing process, 
2516-17. 

factors in gasification of oil, 2507-8. 
low-gravity, 2511. 

production of light oils or motor fuels, 

2520-1. 
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CarburettinR : 
efficiency, 2508-10. 
oils, 2504 et seq. 

Carburol process, 2083. 

Carbyl sulphates, 1743, 2808. 

Carenes, 975. 

Carmen Group, Colombia, 115. 
Carpaneto (Italy), oil shows, 189. 
Carpathian oil-bearing units, 167 ct seq., 
175, 248, 250. 

Carpathians (Polish), geolog>', 177. 
Carpenter chilling tower, 1948. 

Carrier liquid, centrifugal separation of 
wax, 1945 et seq. 

Carroll Co., Ohio, gas drive data, 579. 
Cart greases, 2591 . 

Casing, 408 et seq., 482 et seq. 

cementing, 403, 414-15, 463 et seq. 
centralizer, 465. 
guides, 413. 

joints, 408-9, 487 et seq. 
oil-saver, 422. 
plugs, 422. 

programmes, 402, 490. 

pumps, 591. 

under pressure, 421-2. 

Casmalia (California), oil shales, 3089. 
Caspian Emba region, 64. 

Cast irons, 2258 et seq. 

Castellon (Spain), oil shales, 3090. 

Castor oil, 2600, 2634. 

acetyl value, 1462. 

Catalysts : 
adsorption, 1677. 
alcohols from water gas, 2817, 
compared with oxidants and anti- 
oxidants, 3034. 
cracking, 2085, 2086. 
decomposition 
ethane, 2012. 
ethylene, 2022. 
methane, 2011. 
propylene, 2025. 

dehydrogenation of paraffin, 2038-40. 
ethyl alcohol from ethylene, 2802, 2803. 
hydrocarbon oxidation, 1032. 
hydrogenation, 2133 et seq. 
coal, 2153-4. 
gasoline, 2142-3. 
tars, 2156, 2160-1. 
iso-octane formation, 2836. 
methane- water gas, 2167, 2168. 
methanol-water gas, 2814-16. 
polymerization 
olefines, 2056-69. 
unsaturates, 2657-9. 
pyrolysis, 2003, 2004. 
reforming, 2119-22. 
slow’ oxidation of hydrocarbons, 2941. 
sulphonation of aromatics, 1792. 
vapour-phase cracking, 2115. 

Catechol, 1717. 

Caucasian region, oilfields, 1 55 et seq., 900. 
Caustic soda, use in refining, 1718-24, 
1736. 

Cedar Creek anticline, 89. 

Ceiling insulation, 2252. 

Cellar, drilling, 402. 

Cellulose: 

as source of petroleum, 44. 
anaerobic fermentation, 5 1 . 
and bacteria, 55. 
lacquer diluents, 2463. 
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Cement, 463 et seq., 476 et seq. 
bentonite additions, 481, 575. 
density, 1 1 39. 
insulation, 2240. 
mortar, 756. 
oil-fired kilns, 2545. 

Trinidad Lake Asphalt, 2714. 
Cementing, 403, 463 et .seq. 
casing, 414-15. 

water-bearing fissures in asphalt mines, 
642. 

water sands, 574-5. 

Cementitiousness of asphalt, 2719. 
Central and East Marginal Nappes, 
Polish Carpathians, 177. 

Central heating, oil-fired, 2536-7. 
Centrifuges: 1471, 1796-7. 

determination of water in oil, 1424. 
dewaxing, 2678. 
grease tests, 2593. 

Sharpies high-speed, 1471. 

Ceptura crude, 920. 

Ceram, East, oilfields, 131. 
crude, 888-9. 

Ceresins, 992, 1433, 1437, 1941, 2684. 
Cerithium beds, Poland, 180. 

Cerium xylyl, 2923. 

Cerro Alquitran, Argentine, 121. 

Cerro Azul oilfield, 100. 

Cerro Pclado P'ormation, Maracaibo Basin, 
116. 

Cerro Viejo oilfield, 100. 

Cetane numbers, 2493, 2956. 

Cetene : 

ignition quality, 2913. 
numbers, correlation with octane num- 
bers, 3055. 
fuel oil, 1430. 
ignition lag, 2901 2. 
light Diesel fuel, 2493. 
polymerization, 2665’7. 

C.F.R. engine: 

knock-ratings, 3066-71. 
research, 3055-7. 

Chain reactions, 2861, 3042-3. 

Chakri field, U.S.S.R., 912. 

Chalk field, crude, properties, 846. 

reservoirs, potential oil yield, 554. 
Chandler field, steam-drilling tests, 658. 
Chandragup mud volcano, Karachi, 138. 
Channel process, carbon-black manufac- 
ture, 2852. 

Channel sands, 231, 233. 

Chapapote formation, Tampico-Tuxpan 
region, 105. 

Chapapote Nunez oilfield, 100. 

Chapman field (Texas), accumulation in 
igneous rocks, 263. 

Chapman Stein recuperator, 2533. 

Char formation on wick, kerosene lamps, 
2480 et seq. 

Charcoal, 1060-1. 
absorption, 1675. 
activation, 1676. 
adsorbent, 1480 et seq. 
adsorption tests, gasoline content of 
natural gas, 2418. 
see also Carbon. 

Chari tschkoff reaction, 1010, 

Charpy impact values, steels, 2298. 
Chattanooga shale, 73, 3091. 

Cheil Dag oilwells, U.S.S.R., 160. 
Cheleken Island, Caucasus, 163, 911. 


Chemical industry, effects of cracking, 
2127. 

Chemical origin of petroleum, 46. 
Chemical refining: 
equipment, 1779-97. 
interfacial tension, 1367. 
light distillates, 1708-58. 
lubricating oils, 1759-68. 
organic amines ((lirbotol process), 
1810-16. 

sulphur from gases, 1804-9. 
sulphuric acid, 1769-78, 1798-1803. 
Chemical type continuous gas analyser, 
2348. 

Chemiluminescence, 2939. 
in slow’ combustion, 3043. 
see also Luminescence. 

Chemisorption, 1672. 

Chengchen, China, 139. 

Cherts, Ecuador, 119. 

Chester limestones, 77. 

Chicontepec Group, Tampico-Tuxpan 
region, 102. 

C.’hijol oilfield, 100. 

Chile, oil shales, 3092. 

Chillers, wax distillate, 1956. 

Chilling: 

non-shock, 1947-8. 
wax distillate, 1955-6. 

Chirnion field, U.S.S.R., 164, 911. 
C'himiieys, 2375. 

China, distribution of petroleum, 139. 
crude oils, 933. 

Chlorex, 1764, 1852, 1897, 1915-17, 
2783. 

Chlorides in oilfield waters, 650, 653. 
Chlorinated esters: 
polarity, 2568 et seq. 

X-ray diffraction, 2572. 

Chlorine, in greases and high-pressure 
lubricants, 1463. 

Chlorethylcnes, solvent refining of lubri- 
cating oils, 1763. 

Chlorination : 
aliphatics, 2795-2801 . 
hydrocarbons (source of lubricating 
oils), 2660. 
paraffins, 2787-94. 

Chloro compounds, general data, 2792, 
2793. 

p-Chloroaniline, 1897, 2603. 
p-Chloroanisole, 2603 et seq. 
Chlorobutanes, 2789. 

Chloro derivatives: 
amylene, 2779. 
ethylene, 2778. 
propylene, 2779. 

Chlorodiphenyl, 2604. 

Chloroform, as solvent for ebullioscopic 
work, 1298. 

Chlorohydrins, 2782, 2783. 
Chloro-olefines, 2787. 

Chloropentanes, 2796-7, 2801. 
Chlorophyll porphyrins, occurrence, 47, 
48, 49. 

Chloroprene, 948, 955. 

Chloropropanes, 2789, 
Chloropscudocumene, 2603 et seq. 
Chokes, flow, 566. 

Cholesterol, 49, 1217. 

Christmas-trees, 403, 814. 

Chromium : ^ 

alloys, 2259 et seq., 2270-1, 2288-9. 



Chromium (cont.) 

compounds as oxidation inhibitors, 
2596. 

dehydrogenation catalyst, 2120-1. 
oxide, catalyst, 2003, 2012, 2017, 2038. 
phenyl, anti-knock, 2923. 

Chrysene, 984. 

Chubut Territory oilfield, Argentine, 1 20, 
123. 

Chukantan, China, 139. 

Chungpu, China, 139. 

Chusov [Chusovski] field, U.S.S.R., 900, 
909, 915. 

Ciezkowice sandstone, Poland, 179. 
Cincinnati Arch Province, 66, 69, 72. 
Circulating fluid, see Drilling mud. 
Clarence Basin, N.S.W., 127. 

Clarendon, Pa., gas-drive data, 579. 
Clarksville Gas Well, reservoir pressures, 
224. 

Claus Kiln, 1810. 

Clavarino pressure-stress tubing formula, 
2289, 2291. 

Clay, Clays: 

acid activation, 1699-1705. 
adsorption, 1700, 1704. 

Attapulgar, 1436, 1958. 
base exchange, 1699. 
bleach rating, 1700-1. 
characters and interpretation, 313. 
drilling fluids, 457-8. 
hydration of, 453. 
impregnation, 292, 295. 
mineralogical constitution, 460. 

Pebble Bed (Ecuador), 1 19. 
saliferous, 293. 

treatment, oils, 1679 et seq., 1767 8. 
wax filtration, 1958. 

Cleveland open cup flash-point tester, 
1415. 

Clevite, 1517. 

Clinton sands, 71, 234. 

Cloud-point: 

dark and fuel oils, 1429. 
lubricating oils, 1412. 

Clyde sprayer, 2550. 

Coagulation, bituminous emulsions, 

2707-8. 

Coal : 

Boghead, 49, 51. 

Brown, 47. 

Cannel, 47. 

carbon ratio theory, 245. 
carbonization, 2505 et seq. 
fields (Scotland), 3090. 
fired shipping, 2393. 
gas, 1034, 2516. 

hydrogenation, 2130 et seq., 2149-55. 
industry, eflfects of cracking, 2126. 
-in-oil suspensions, 1064, 1065, 2554 
et seq. 

liquefaction, 2130-1. 
oils, 1044. 
origin, 2130. 

petroleum origin, 32, 42, 46, 49. 
synthetic, 2130-1. 

Coal Tars : 

high temperature, 3 118-27. 
pipe-line coatings, 754. 
properties, 2584, 2585. 

Coalinga, crude, analyses, 853-7. 
pool, 93. 

Coastal fields (California), crudes, 853-7. 
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distillates, 1912. 
neutral, 1926. 

Cockrell, crude, properties, 846. 
Coefficient of expansion: 
fuel oil, 2552. 
kerosine, 2473. 
water, 2552. 

Cogollo limestone, 113. 

C\)ke: 

deposition, effect on tube metal 
temperature, 2290. 
petroleum, 2772-5. 

Coking: 

oil shales, 3087. 
still. 2772-4. 
tests, 1417-18, 2625. 

Cold : 

action on oils, 1118. 
fraction, 2224. 
settling, dewaxing, 267 7-8. 
starting, 2(d6-19, 2673. 
tars, 3123. 

test, 1397, 1407, 1411-13. 
significance, 2673. 
transformer oils, 1444. 

Collapsing strength, casing, 484-6. 
colloidal ; (\':k)ids: 
drilling fluids, 453. 
fuels, 1064-5, 2554. 
mill. 2706-7. 

mineral matter in Trinidad asphalt, 27 1 5. 
oil emulsions, 616 et seq. 
petroleum, 1057, 1062-5. 
solutions and .systems, 1101, 1103. 
structure of bitumens, 2760. 
suspensions, protection, coal-in-oil, 
2555-6. 

Colombia, crude oils from. 111, 884. 
glance pitch, 2726, 2727. 
distillates, phenol extraction, 1912. 
gas-lift practice, 586. 
production and proved reserv'es, 533. 
Colon shale, Maracaibo Basin, 113. 

C olophony, bituminous paints, 2753. 
Colorado shales, 91 , 3081 , 3091 . 
Colorimeters, see Tintometers. 

Colour : 

air photography, 289. 
cracked gasolines, 1005, 1006. 
effect of solvent refining, 1833-5, 
1884-5. 

gasoline, 1393, 1394, 2405. 
kerosene, 1402, 2472-5. 
lubricating oils, 1413-15. 
paraffin wax, 1433. 

Pouillet’s scale, 2184. 
reactions and cholesterol theory, 1217. 
relation to viscosity-gravity constant, 
1833-4. 

standards, 1414. 
white spirit, 1401. 

Columbium, in alloy steels, 2274, 2275. 
Column contactors, 1782-4, 1786-8, 1791, 
1793. 

Columns, fractionating, 1591, 1629 et 
seq., 1638, 1663, 1666. 

C-omanchean Rocks, U.S.A., 67, 85, 88,91 . 
Combination cracking units, see Cracking 
units. 

Combustion : 

analysis, natural gas, 1525, 1526. 
compression-ignition engines, 2894- 
2908. 
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data, gaseous fuels, 1243. 
fuel oils, 2525-34. 
hydrocarbons, explosive, 2874-83. 
high pressure, 2884-93. 
slow, 2860-74. 
incomplete, 2636, 2851-3. 
induction period, 3037. 
internal combustion engine, 2913-16, 
2927-36. 

pre-flame, 2916-22. 
suspensions, 2556-7. 

Communication systems, 674-5, 2366. 
Comodoro Rivadavia crude, 882, 883. 
field, 120, 121. 

Compaction, and the migration of oil, 210, 
544-5. 
grains, 220. 
pressures, 226-7. 

Compensated : 

capillaries in thermometers, 2329-30. 
temperature controller, 2351. 
Compensating leads, pyrometers, 2335-6. 
Compensators, in control instruments, 
2351, 2353. 
humidity, 2349. 

Completion of rotary wells, 419 et seq. 

under pressure, 420-1. 

Composite insulation, 2238-9. 
Compounded oils, 1408. 
free acid, 1457-8. 
stability, 2607-8. 

Compressibility factors, hydrocarbons, 
1265-6. 

petroleum fractions, 1383. 
Compression: 

natural gas, 806, 809. 
ratios, 2124-5, 291 1, 2912, 3031, 3059. 
refrigeration system, 1930 et seq. 
test, gasoline content of natural gas, 
2418. 

Compressors : 

gas-lift plant, 585-6. 
refrigeration, 1932 et seq. 
Concentrators, sulphuric acid, 2766-8. 
Concrete : 

corrosion, 480. 
curing, 478. 
pipe-line coatings, 756. 
sea-water deterioration, 788. 
Condensation, pure vapours, 2217 et seq. 
Condensers, 2217-18. 

and coolers, 1594, 1636 et seq. 
electric, ff)r cable oil testing, 1449-50. 
refrigeration, 1939-40. 
rotary drilling, 410. 
tubing, 2212, 2213, 2278-9, 2294. 
Condensing vapours, heat transfer, 2199- 
2200. 

Conduction of heat, 2177 et seep 
through partitions, 2192-3. 
Conductivity, thermal, 2176 et seq. 
alloy steels, 2286. 

gases, liquids, and vapours, 1261-2. 
insulating materials, 2235. 
rocks, 517, 518. 
soil, 740 et seq. 
solids, 2204-5. 

Cone roofs, 789, 831, 832. 

Conejo Pass oilfield, accumulation in 
igneous rocks, 261. 

Coniacian Beds, Tampico-Tiixpan oil- 
fields, 102. 

Coning, water, 572. 
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Connecting-rod bearing, corrosion test, 
2606. 

Conradson : 

carbon residue test, 1417-18, 1431, 
1911. 

demulsification test, 1416-17. 

Conroe, Tex.: 
crude, properties, 848. 
field, 86. 

natural water-drive, 571. 
production and proved reserves, 533. 
relief well, 445. 

Conservation of reservoir energy, 813. 
Consolidated rocks and porosity, 220. 
Constant shear viscometer, Cerveson, 
1072. 

Consumption : 
fuel oil, 2548. 

lubricants, 2609-14, 2623 ct scq. 
world, petroleum products, 21, 26-7, 
2391-3. 

Contact enrichment by faulting, 252, 254, 
Contact processes, solvent extraction, 
1820-7. 

treatment of oils, 1680 et seq. 
Container method, percussion tool, pres- 
sure drilling, 403-5. 

Contracting oils and chemical, 1779-97. 
Control ! 

boards, electric, 2366. 
centralized, 2366-7. 
high-pressure wells, 416, 433-7. 
instruments, 2359-^. 
process, 2357-60. 
rotary^-drilling equipment, 410. 
unit, 534-9. 
valves, 2352-3, 2355-6. 
Controlled-pressure drilling, see Drilling, 
Controller instruments, 2350 et scc]. 
Convection, 2191, 2193-6. 

heat transfer through insulation, 2236-7 . 
Convergence maps, 280. 

Conversion : 

boiling-points, 1280 et scq, 
organic material to oil, 59. 
viscosity, 1072, 1075 et seq. 

Cook field, crude, properties, 845. 
Cooling medium, refrigeration, 1930etseq. 
Cooling-water systems, 765. 

Co-operative Fuel Research Committee, 
2912 (see also C.F.R. engine). 
Coorongite, 49, 51, 52, 55, 

Copaene, 976. 

Copper : 

alloy steels, 2273. 
dish gum test, 1016, 1021-3. 
smelting, 2537. 
strip test, 1396, 1401. 

Copsa Mica field, Transylvania, 168. 
Core-drilling, 272. 

evidence, 502. 

Coring, 439^3. 
barrels, 440-1. 
electrical, 316, 351. 
practice, 274. 
productive horizons, 429. 

Corfield test, 751. 

Cork, insulation, 2251, 2253. 

Coronene, 984. 

Correction factors: boiling-point, for 
pressure, 1280 ct seq. 

Correlation of physical properties of 
petroleum, 1377. 
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Correlation of sediments : 
by foraminifera, 310. 
by mineral criteria, 312. 

Corrosion : 

alcohol fuels, 2457. 
bearing metals, 2605. 
fatigue, 494, 495-6. 
greases and high-pressure lubricants, 
1455. 

metallic, 2306 ct seq. 
microbiological aspect, 2316-17. 
pipe lines, 747-52, 767-8. 
pressure vessels, 2303. 
prevention by oils, 2655. 
refinery equipment, 2268, 2318-19. 
resistance, alloy steels, 2271 et seq. 
cast irons, 2266-9. 
cements, 480. 
furnace-tubing, 2288-9. 
use of bituminous paints, 2755-6. 
welding metals, 2300. 
wrought- iron casing, 482. 
resistant steels, 2296. 
sucker- rods, 494 et scq. 
tests, 1425, 2268, 2605-6 
transformer oils, 1444, 1446. 
Cosmoline, 994. 

Costs and weights, steam-power drilling, 

659. 

Cotton-Mouton effect (Magnetic Bire- 
fringence), 1221. 

Cottrell boilers, 1299. 

process 630-1, 2768. 

Couette viscometer, 456, 1099. 
Coumaron in bituminous paints, 2750. 
Counterbalancing, pumping loads, 596. 
Counter-current contacting, 1495-6, 1773, 
1861. 

Counterfiow operations, acid treatment of 
cracked naphtha, 1802-3. 

Coupled casing, 408-9. 

Coyote, crude, analyses, 853-6. 

Cracked; Cracking: 
capacity of, U.S.A., 25. 
chemistry, 2112-19. 
combination units, 2108. 
distillates, 1709, 1710. 
chemical treatment, 1727, 1728, 

1736-7, 1751-7. 
polymerization, 2668. 
economic significance, 2124-7. 
effect of gum, 1016. 

Estonian shale oils, 3109. 
gas oil, 2507-8. 
gases, 2806, 2807, 2117. 
gasolines (see Gasolines, cracked). 

Gulf Coast crude, 861. 
history', 2078-87. 

lubricating oils, engines, 2622, 2634-5. 
Mid-Continent crude, 2108, 2111. 
primary, 2108 et seq. 

Scottish shale oil, 3104. 
spirits, oxidants, and antioxidants, 
3045-9, 

still cokes, 2774, 
stocks, 990. 

vapour phase, 1016, 2108 et seq., 
2112-17. 

Crackle test, 1424, 1444. 

Cragoe's equation, 1233. 

Crank-case : 

oil, dilution, 1423-4, 2457. 
stability, 2608. 


temperature, 2612, 2629-30, 2636. 
Cranking torque, 2616. 

Creep, metals, 2265, 2279, 2280, 2284, 
2289-90, 2297. 

Creosote, 3125-6. 
fuel for I.C. engines, 2449. 
timber treatment, 788. 

Cresol : 

lubricating-oil stabilizer, 2637-8. 
phenol solvent extraction, 1897. 
Cresylic acid, solvent refining, 1925. 
Cretaceous foraminifera, 310. 

oil, general distribution, 61. 

Cretaceous rocks: 

Argentine, 121. 

Australia, 124. 

Caucasus, 155, 164. 

Colombia, 111, 113. 

Czechoslovakia, 175, 176, 

Eg>'pt, 151. 

France, 195. 

Germany (Zechstein Basin), 186. 

Iran and Iraq, 143. 

Italy, 189, 191, 192. 

Maracaibo Basin, 111, 114. 

Polish Carpathians, 177. 
Tampico-Tiixpan Oilfields, 100. 
Trinidad, 106. 

U.S.A., 67, 78, 85, 91, 261. 

Venezuela, 107. 

Cricov field, Roumania, 169. 

Crimea, crudes, 900. 

Crincrvillc Ore Pool, 81. 

Critical flow, 718, 723-4. 
phenomena (oils), 1270 et seq. 
pressures (oils), 1382. 
temperature, petroleum fractions, 1288, 
1292, 1381. 

Cromwell, Okla.: 
gas-drive data, 579. 
sands, 79. 

Crooked holes, 444. 

Cross process, 2081-2, 2112. 

Croton aldehyde, 1897. 

Crucible, oil-fired metal melting, 2538-40. 
Crude; crudes: 

calorific values, 1233-5. 
composition, 48, 111 7. 
demulsification, 616 ct seq. 
displacement by water, 538. 
drainage from reservoirs, 541-51. 
evaporation losses, 828 ct seq. 
gas mixtures, 606-13. 
gathering systems, 812 et seq. 
general chemistry, 886 et seq. 
in mining operations, 638-9. 
localities and analyses: 

Argentine, 881-3. 

Bibi Eibat, 895. 

Burma, 891-3. 

Cabin Creek, 987-90. 

California, 851-7. 

Canada, 866. 

Colombia, 884. 

Davenport, 987. 

Dutch East Indies, 880-90. 
Ecuador, 864. 

Egypt, 898-9. 

Europe and the East, 930. 

Grosny, 987. 

Gulf Coast, 858-65. 

Huntington Beach, 9,87. 

Iran, 894. 



Crude ; crudes (cont.) 
localities and analyses (cont.) 

Iraq, 896-7. 

Japan, 886-7. 

Koetei, 989, 990, 992. 

Mexia, 987. 

Mexico, 868-75. 

Mid-Continent, 840-50. 

Miri, 988. 

Pennsylvania, 987-8. 

Peru, 884. 

Poland, 922-9. 

Ponca, 988-9. 

Roumania, 918-21. 

Tonkana, 987. 

Trinidad, 879-80. 

U.S.S.R., 900. 

Venezuela, 876-8. 
naphthas, 1799. 
nomenclature, 4-6. 
physical constants, 539, 558 63, 1117. 
proportions of products, 2126. 
release of gas from solution, 537-8. 
residues, 1864-7. 
storage, 834 et scq. 

Cruse Series, Trinidad, 106, 107. 
Cr>'Oscopic method for determining 
molecular weights, 1295. 
Crystallization : 

paraffin hydrocarbons, 1203-5. 
synthetic paraffins, 1942. 
waxes, 2573. 

effect of paraflow, 2676-77. 
wax distillate, 1955. 

Cuba, accumulation in igneous rocks, 261 . 

asphalts, 2710, 2726. 

Culmer process for the production of 
asphalt, 2700. 

Cumberland Saddle District, U.S.A., 73. 
Cumene, 1741. 

Cup greases, 2588, 2592. 

Cuprous chloride catalyst, 965-6, 2057. 

mercaptide, 1724. 

Curing concrete, 478. 

Curved holes, 445. 

Cushing anticline, 241. 

Pool, 79. 

Cut-back asphalts, 2733, 2734. 

Cutler’s rule, 553. 

Cutter head, function in coring, 439-40. 
Cuttings, carrying and releasing, 448. 
Cybotaxis of molecules, 2568, 2573 et seq. 
Cyclanes, 967-77 ; see also Naphthenes. 
Cyclenes, 970. 

Cyclic hydrocarbons, 1084, 2093-4. 

olefines, 970, 1712, 1749-50. 
Cyclization, 2122. 

Cyclobutanes, 966, 969. 

Cyclobutene, 970. 

Cyclofenchenc, 974. 

Cycloheptadiene, 971. 

Cycloheptanes, 969-76. 

Cycloheptatriene, 971. 

Cycloheptene, 970. 

Cyclohexadiene, 971, 1712, 1750. 
Cyclohexane, 967-9, 987-8. 
dehydrogenation, 2120. 
knocking characteristics, 3008-9, 3021. 
lead susceptibility, 303 1 . 
oxidation, 2953. 

reaction with sulphur, 1709, 1714. 
solvent in cryoscopic work, 1296. 
Cyclohexatriene, 977. 
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Cyclohcxene, 944, 961 , 970, 1 7 1 1 -1 2, 1 748. 
Jiutoxidation, 1020. 
blending agent, 2823. 
effect of acid, 1750, 1754. 
knocking characteristics, 3008-10, 3022. 
oxidation, 2953. 
polymerization, 2666-7. 
preparation by vapour-phase cracking, 
2117. 

Cyclo-octadiene, 1712. 

Cyclo-octatetraene, 97 1 . 

Cyclo-olefines, pyrolysis, 2102, 2103. 

Cycloparaffins, 967-77; see also Naph- 
thenes. 

heat of combustion, 1358. 
pyrolysis, 2102-3. 

Cyclopentadiene, 949, 971, 1712, 1750. 
formation by pyrolysis, 2002. 
knocking characteristics, 3023. 

Cyclopentane, 967-9. 

knocking characteristics, 3008-9, 3020. 
lead susceptibility, 3031. 

Cyclopentanones, 968. 

Cyclopentene, 970. 

knocking characteristics, 3010, 3022. 

Cyclopropancs, 969, 1741. 

Cylinder; Cylitnlers: 
calibration, 712, 713. 
lubrication, Diesel engine, 2642. 
internal combustion engine, 2635, 
2639. 

steam-engine, 2644-5. 
oils, flash-point significance, 1415. 
stock, 1909, 1924-5, 1955. 
cold-settling, 2678. 
high fire-test, 1947. 
wear, 2606-7, 2620, 2632, 2641. 

Cylindrical tank calibration, 678-82, 
711-12. 

Czechoslovakia Oil Shows, 175. 

Czechoslovakian crude oils, 931, 1216. 


Daghestan, U.S.S.R.: 
geology, 160. 
crudes, 900, 907. 

Daia field, Transylvania, 168. 

Dambovita, Roumania, 169. 

Dams, cement specifications, 479. 

Damsitc formation, Maracaibo Basin, 1 16. 
Dapol, 1812 13. 

Darcy, coefficient of permeability, 198. 
Daszawa field, Poland, 182. 

Davidson retort, 3108. 

Dawson River Basin, Australia, 126. 
Dayton oil-gas process, 2515-16. 

Dead Sea bitumen, 898. 

Dcadwood tank, 679, 711. 

Dean and Davis system, viscosity, 1091 
et seq. 

Dean and Stark water-content apparatus, 

506. 

De-asphaltizing, 1966-71, 2690. 

Debye theory, 1361. 

Decalin, 974, 3125. 

Decolorizing, 1473. 

Deep wells, chronological list, 275. 
Definitions, petroleum products, 7 et seq. 
de Florez process, 2083, 2112-14. 
Dehydration ; 
alcohol, 2463. 

crude oil emulsions, 630 et seq. 
electric methods, 631-6. 
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Dehydrogenation, 2119-21, 2133 et seq., 
2762. 

paraffins, 2017-19, 2036-40. 

De Laval separator: 
acid sludge, 1797. 
dewaxing, 1949-50. 

Delaware extension, Okla., gas-drive data, 
579. 

Dernulsibility, bituminous emulsions, 
2708. 

lubricating oils, 1407, 1416-17. 
Demulsification : 
agents, 625-9. 
chemical, 616 et seq. 
electric, 630 et seq. 

Deniges reagent, 1396. 

Denmark, and motor fuel supplies, 2412. 
Density : 

balance, 1138. 

conversion to specific gravity, 1139. 
crude petroleum, &c., 1 177. 
drilling fluids, 454. 
hydrocarbons, 1137, 1172, 1326-46. 
methods of determining, 1287. 
paraffin wax, 1187. 
temperature correction, 1136. 
water, 1171. 

Depth-gauge, pitting, 721. 

Depth pressure relationship, 563. 

Derrick, percussion-tool, 401. 

rotary drilling, 410. 

Desert Basin, W. Australia, 126. 
Destructive distillation, 34, 36, 46, 2812, 
3080. 

hydrogenation, 2135-6. 
Desulphurization, light distillates, 1724- 
40, 1756-7. 

Detonation : 

effect of carbon formation, 2619. 
engineering aspects, 3072-6. 
flame propagation, 2983-94. 

French research, 3054 6. 
high-speed, 2995-3003. 
in engines, 2916-22, 2998. 
knocking, 2993, 2994. 
methods of study, 2996. 
spinning and spherical waves, 2992-3, 
2998. 

wave formation, 2931, 2991-4, 2997. 
velocity, 2998-3000. 

Detrital minerals, 312 ct seq. 

Deviation, effect in mapping, 280. 
Devonian oil, general distribution, 61. 
Devonian rocks: 

Australia, 124. 

Canada, 96. 

Iran and Iraq, 142. 

U.S.A., 66 et seq. 

Dewaxing, 1472. 
centrifuging, 2678. 
cold settling, 2677-8. 
computations, 1984-5. 
equilibrium diagrams, 1980 et seq. 
lubricating oils, 1762-3, 1962-5,2673-4. 
paraflow, 2677-8. 
principles, 1980 et seq. 
propane, 1899, 1972-5. 
Dextro-rotatory crudes, 1216. 

Dhulian anticline, N.W. India, 138. 
Diacetylenes, 954. 

Dialkyl sulphates, 1740, 1755, 2808. 
Diallyl, 951. 

Diamond-pointed bit, 447. 
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Diamylenes, 1747. 1755. 

Diapiric folds, 250, 25 1 . 

Diapirs, 157, 158. 

Diaspore, 462. 

Diastrophism, 43, 212, 227, 228. 

Diatomaceous earth, as insulating 
material, 2240 et seq. 

Diatomaceous shales, California, 3084. 

Dicalcium silicate, in cements, 478 et 
seq. 

Dichlorethyl ether, solvent extraction 
process, 1915-17. 

Dichlorethylene, refrigerant, 1938-9. 

Dichlorination, paraffins, 2791. 

Dichlorodifluorornethane, refrigerant, 
2651. 

Dichloropropylether, 2603 et seq. 

Dichlorostearic acid, 2603 et seq, 

Dicrotyl, 951 . 

Dictyonema shale, Estonia, 3107. 

Dicyclic hydrocarbons: 
saturated, 972-5. 
unsaturated, 975 et seq. 

Dicyclic terpenes, 975-6. 

Dicycloheptanes, 973-4. 

Dicyclohexanes, 972. 

Dicyclopentadiene, 1712. 

Dielectric strength: 
cable oils, 1448-52. 
petroleum products, 1361. 
refractive index, 1176. 
transformer oil, 1443-4. 

Diels-Alder reaction, 986. 

Dienes, see Diolefines. 

Diesel engines: 
oilfield drilling, 667, 
pumping units, 775-9. 
tankers, 796, 802. 

Diesel fuels, 1185, 2429. 
asphaltic matter, 2498-9. 
burning characteristics, 2491-4. 
calorific values, 1237. 
carbon residue, 2498-9, 
chemical composition, 2489-90, 2498, 
from hydrogenation, 2144, 2151. 
from low-temperature tar oils, 3116. 
impurities, 2491, 2497. 
oil-gas process, 2519, 2520. 
physical properties, 2487-91, 2496-8. 
solvent refining, 1872-4. 
specifications, 2499. 
tests, 2492-3. 

Differential aeration, 2308. 
drive, 671. 

manometers, 2339-40, 2343-4. 
pressure liquid level, meters, 2347. 
vaporization of hydrocarbons, 1552. 

Diffraction, X-ray, 2571. 

Diffusivities, metals, etc., 2205. 
soil, 741 et seq. 
thermal, 2180. 

Digboi field, Burma, 135, 136. 

Di-isoamyl sulphone, 1733-4. 

Di-iso-butene, 941, 1709, 2830-5. 

Di-isobutylenes, from polymerization, 
2069, '2073. 

Di-isopropyl ether, anti-knock material, 
2434. 

Di-isopropyl ether, aviation fuel, 2445. 

Diluents : 

cellulose lacquer, 2463. 

centrifugal wax separation, 1945 et seq. 

effect on final pour-point of oil, 1947. 
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Dilution of lubricants, 1423-4, 2625-6, 
2676. 

Dimerides, olefines, 956-7, 960-2. 
Dimethylhexanes, physical constants, 
1350, 1351. 

Dimethylpentanes, physical constants, 

1350, 1351, 1.354. 

Dimethyl thiophthen, 1713. 

Diolefines : 

conjugated, 947-61. 
cyclic, 970. 

liglu distillates, 1711-12. 
non-conjugated, 951. 
physical constants, 1352, 1355. 
polymerization, 2667. 
pyrolysis, 1998, 2002, 2005. 
reactions with sulphuric acid, 1750-1 . 
source of resins, 2848 50. 

Dioxene, as solvent for use in cryoscopic 
work, 1296. 

Dip: 

relation to cores, 503. 
relation to the Seismic Reffection 
Method, 392. 

Dipentene, 971. 

Diphenyl group, 980- 1 . 

Diphcnylmcthanc group. 981. 

Dipping rcfractorneter, 1143. 

Dipping tank, 683-84, 713-14. 
Dipropargyl, 954. 

Dipropylethylenes, phvsical constants, 
1354. 

Discharge coefficient (orifice metering), 
688 et seq. 

Discocyclina series, Ecuador, 1 19. 
Dismantling rotary equipment, 422-4. 
Dispersion, 247, 1139. 

in pure hydrocarbons, 1 174, 1175, 1347. 
Dissociation, effect on flame temperature, 
2525-6. 

Distillate stocks, nitrobenzene extrac- 
tions, 1196. 

Distillation: 

analogy with solvent extraction, 1859- 
60. 

analytical, lubricating oils, 1416. 
aviation fuels, 2435. 
calculations, 1 490- 1, 
cannel coal, 47. 

contact treatment, 1681 et seq. 
crude oil, 2690 et seq. 
destructive, 34, 36, 2812. 
determination of water, 1424-5. 
gas oil, 1404. 
gasoline, 1390-2. 

absorption plant, 1488-92. 
hot oil, 1667. 
kerosene, 1401. 
laboratory, 1629 et seq. 
liquid bitumen, 1442. 
molecular, 2594. 
oil shale, 3085. 
range : 

Diesel fuels, 2498. 
fuel oil, 1428. 
kerosene, 2472. 
light Diesel fuel, 2487-8. 
refining processes, 1580. 
separation of hydrocarbons, 1544 et 
seq. 

solvents, 1662-9. 
steam, 1662 et seq. 

U.S.A., 1466 et seq. 


vacuum, 1423, 1441-2, 1667-8. 

wax test, 1955. 

white spirit, 1400, 1662-9. 

Distributing systems, gas : 
gum formation in, 1021. 
electric power, 2362 et seq. 
Distribution: 
of fuel spray, 2894-7. 
of oilfields, 244. 
of petroleum: 

Argentine Republic, 120. 

Australia, 124. 

Colombia and Maracaibo Basin, 111. 
Ecuador, 118. 

Ciermany, 184. 

New Guinea, 130. 

Poland, 177. 

Roumania, 167. 

U.S.S.R., 155. 

(Geographical), 63. 

(Stratigraphical), 58. 

Disulphides : 
estimation, 1724. 
in light distillates, 1713, 1715. 
in plumbite process, 1726-7. 
reaction with hypochlorites, 1723, 
1724. 

reaction with sulphuric acid, 1738, 
1739. 

Di\ inylacetylene, 955, 965-6. 

Djcbel Tsclfat field, N. Africa, 152. 
Djusa, U.S.S.R., 164. 

Docks, sea temiinals, 786-8. 

Doctor treatment, 1396, 1683, 1724-30. 
Dolomites (Doloniitic Limestones) and 
porosity, 221. 

Dominguez, Calif.: 
crude analysis, 853- 5. 
gas drive, 538. 

pressure restoration, 578, 579. 
Dominikowice field, Poland, 182. 

Dopes : 

for improving ignition quality of 
Diesel fuels, 2494. 

lubricant oxidation inhibitors, 2595-6. 
paraffin wax, 2684-5. 

Dos Bocas Oilfield, 100. 

Dossor, U.S.S.R.: 
lubricating f)ils, 2582. 
oilfield, 164, 908, 915. 

Double-deck pontoon roof, 825 -6. 

Drag bits, 409. 

Diainage : 

efficiency, 547-5 1 . 
errors of viscometers, 1074. 
of oil from reservoir rocks, 537, 541-51, 
552-5. 

underground, 554, 637-9. 

Drake Well, Pa., 268. 

Drawback, effect on tensile strength, 
cast irons, 2261 . 

Drawing oils, 2653. 

Draw-works : 
drive, 671. 
rotary, 410. 

Drilling: 

automatic feed, 412-13. 
blow-outs, 416. 

casing, 402, 408-9, 413-15, 490. 
cementing, 403, 414-15. 
coring, 439-43. 
crooked holes, 444. 
directional, 417, 444-7. 
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Drilling (cont.) 

‘drilling-in’, 403-5. 
dry hole, 400. 
equipment: 

back-pressure valves, 433 5. 
bits, 402, 409, 430-2, 444, 446-7. 
boilers, 402-9. 

casing, 402, 408-9, 413-15, 490. 
derricks, 410. 
draw-works, 410. 
drilling-head, Otis, 420. 
drill pipe, 411. 
mud pumps, 410. 
power, 658, 667, 670-2. 
preheaters, 410. 
prime movers, 409, 410. 
selection, 424-8. 
string, 402. 
heaving shale, 417-19. 
high pressure: 
casing, 421-2. 
completion, 420 1 , 436. 

‘drilling-in’, 436. 
fishing, 419-20. 
percussion tool, 401 et seq. 
snubbing gear, 434 -5. 
wells, 433-7. 

mud, 415-18, 433, 435, 437, 448, 
464-5. 1065 6. 
off shore, 444. 
prospecting rigs, 273, 442-3. 
safety precautions, 405. 
side tracking, 446-7. 
spudding-in, 402. 
straight holes, 444-5. 
systems : 
cable, 400. 

Canadian pole-tool, 400. 

electric, 670-2. 

percussion, 670-2. 

rotary, 444, 670 -2. 

selection for wild catting, 400-1. 

wall samples, 442. 

well completion, 419-22, 424-8. 

Driza Beds, Albania, 172. 

Drums, insulation, 2240, 2241. 

Dry cleaning, 2464. 

Dry gas meters, 2346. 

‘Dry Sands’, 228. 

Dry sump oil-consumption tests, 2613-14. 

Drying oils, 2638. 

Dubbs process, 2112, 208 1-3. 

Duboscq colorimeter, 1413-14. 

Ductility : 

bitumen, 1439. 
high-strength welds, 2301. 

Dumas method for vapour density 
determinations, 1287. 

Dump bailers, 574 600. 

Dune sands, 23 1 . 

Du Noiiy tensiometer, 63 1 . 

Duo-Sol process, 1855-6, 1924-8. 

Duplex compressors for gas-lift, 585. 

Duprene, 955. 

Dust proofing, pump stations, 780. 

Dutch East Indies : 
asphalt, 2720. 
crude, analysis, 888-90. 
production and proved reserves, 533. 

Dutcher sands, 79. 

Dykes, 298. 

Dynamic oxidation tests, 1419-20. 
similarity, fluids, 718, 719. 


Dynamometers : 

measurement of polished rod load, 495. 
tests, cold starting, 2616-18. 
synthetic lubricating oils, 2671. 


Eagle Ford shale, source beds, 44. 
Earlsboro, crude, properties, 843. 

East Indies: 
crude, 888-90. 
oilfields, 131. 

East Texas: 

compressor plant costs, 586. 
gas-lift practice, 588. 
gas-oil ratio, 606. 
geology, 303. 
natural water-drive, 571. 
production and proved reserves, 533. 
reservoir-pressure and production-rate, 
570. 

Eastern Intcrit.r Province, 67, 76. 

Ebano Oilfield, 100. 

Ehullioscopic method for determining 
molecular weights, 1298. 

Eccentric bit, 403. 

Economics, cracking, 2124-7. 

Ecuador, crude oils, 884. 

distribution of petroleum, 118. 

Edeleanu process, 1888-92, 1902, 1903. 
Eddesse (Ciermany), crude, 930. 
gas-lift practice, 586. 
geology, 187. 

Edge-water encroachment : 

expulsion of crude from reservoir 
rocks, 544. 

Surakhany (U.S.S.R.), 361-2. 

Edwards Lime, 85. 

Efflux viscometer, 1107. 

Eghell (Czechoslovakia), crude oil, 931. 
Egypt: 

crude, 898, 899. 
geology, 1 50. 

Eiocosane, 1943. 

Ejectors, steam, 1604. 

Ekhabi field, U.S.S.R., 912. 

El Abra limestone, 102, 241. 
id Condor crude, 884. 

El Cubo crude, 878. 

El \Iene crude, 877. 

Elastic waves, velocitv, 395. 

Elatcrite, 2584, 2711.' 

Elbassan, Albania, 172. 

Elbows, pipeline losses, 725, 726. 

Elcho Island, Australia, 124. 

Eldorado : 

(Arkansas) oilfield, 86. 

(Kansas) crude, 844. 
gas-drive data, 579. 
geology, 79, 241. 

Electric ; Electrification : 
cable oils, 1447 ct seq. 
communication systems, 674-5, 2366. 
controls, 2354-6, 2366. 
coring, 274, 316, 351, 354, 357. 
dehydration, crude oil emulsions, 630. 
discharge, treatment of oils, 2664. • 
drilling, 670-2. 
flow meters, 2341-3. 
generating plant, 670, 2362. 
ignition of oil, 2379. 
industries, paraffin wax application, 
2684, 2756. 

installations, 2366, 2368. 


lighting, 674. 

motors, 670 et seq., 776, 2362 et seq. 
oilfields, 670 et seq. 
power, 670 et seq., 812, 2362 et seq. 
prospecting, see Geophysics, 
protection, oil storage, 2378. 
refineries, 2362. 

relay. Bourdon tube controls, 2354. 
resistance thermometers, 2332-4. 
seismograph, 391. 
soundings, 347. 
switch gear, 670-3, 2363-6. 
transformers, 2364. 

welding, 482 et seq., 491 et seq., 674, 
758-9, 767-8, 1476. 
wiring systems, 673. 

Electrion process, 1763, 2657, 2664. 
Electro-adsorption, 1674. 

Electro-chemical corrosion, 747 et seq. 
Electrodes, carbon; 

manufacture from petroleum coke, 
2773, 2775. 
welding, 2299 ct seq. 

Electro-filtration, 353. 

Electro How meter, 2342. 

thermometers, standardization, 2333. 
Electromagnetic methods of prospecting, 
349. 

hdectromagnets, 1 220. 

Electrometric methods, acidity deter- 
mination of lubricating oils, 1422-3. 
Electron transfer, olefine molecule, 942, 
945-6, 956-8. 

Electro-osmosis, 354. 

Elk Hills, Calif.: 

crude analysis, 853-7. 
gas-drive data, 579. 

Elko (Nevada), oil shales, 3090. 

Elliott tester, 1402. 

Elwood, crude, analysis, 853-7. 

Elyria, crude, properties, 844. 

Emba region, U.S..S.R., 900, 908, 916, 
917. 

Emerson cracking process, 2084. 

Emilian Belt. Italy, 189, 191, 192. 
Emissivity of surfaces, 2206. 

Emulsion, Emulsions: 
asphalts, 2706-9, 2729. 
bitumens, 1440, 2754. 
crude oil, 616 et seq. 
dehydration, 630. 
insecticides, 1064, 2845. 
lubricants, 1064, 1107, 1417. 
manufacture, 2706-7. 
natural asphalt, 1063-4. 
paraffin wax, 2683-4. 
petroleum, 1062-4. 
properties, 2707-8. 
specifications, 2708. 
testing, 624-5, 2707-8. 
transformer oils, 1444. 

Enamels, bituminous, 755, 2748 et seq. 
Enamelling ovens, oil-fired, 2544-5. 
Endurance limit, sucker rods, 497. 
Energy : 

atomic linkages in hydrocarbons, 1357. 
gradient in reservoir rocks, 547. 
in a flowing well, 557 ct seq., 561-2. 
unit in calorimetric measurements, 
1224. 

Engines: 

Akroyd, 2486. 

automobile, lubrication, 2602. 
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Engines (cont.) 
compression-ignition» 2486, 
research, 2894-908. 

Diesel, 2495 et seq. 
generators, 673. 
lubrication, 2642-4. 
in refineries, 2372. 
detonation, aspects, 3072-6. 
friction, 2634. 

fuels, special, 2442, 2444 et seq. 
gas, in refineries, 2373. 
hot bulb, 2483-4, 2486, 2495. 
inspection sheet, 2616-17. 
internal combustion: 
cooling water, 2612. 
crank-case temperature, 2612. 
drilling practice, 2617. 
lubrication, 2610 et seq., 2634 et 
seq., 2913-16, 2927-36. 
laboratory testing, 2610 et seq., 2912. 
running-in, 2634. 

selection for drilling, 401, 409-10, 412, 
424-8. 

severity factor, 3071. 
spark- ignition, 2484-6. 
speed, oil consumption, 2612, 2623. 
starting tests, 263 1 . 
steam, lubrication, 2644-6. 
temperature, alcohol effect, 2457. 
tests of lubricants, 2622 et seq. 
wear, 2620. 

England, natural gas analyses, 1508. 
Engler viscometer, 1072etseq., 1410, 1429. 
Enrichment, by faulting, 252, 254. 
gas, 2501 et seq. 

Entrainment of oil in gas, 607-8,613, 1485. 
Entropy diagram, reservoir crude, 558-9. 
Eocene Rocks: 

Albania, 172. 

Assam and Burma, 133. 

Australia, 127. 

Caucasus, 155, 160, 163. 

Colombia, 114, 115. 

Czechoslovakia, 175, 176. 

Ecuador, 118. 

Egypt, 151. 

India (N.W.), 138. 

Iran and Iraq, 143. 

Italy, 189. 

Maracaibo Basin, 114. 

Polish Carpathians, 179. 

Roumania, 167 et seq. 
Tampico-Tuxpan Oilfields, 102. 
Trinidad, 106. 

U.S.A., 85, 93, 262. 

Venezuela, 107. 

Eotvos balance, 272, 317, 320, 366. 
Equilibrium : 

condensation data, 1490. 
constants, vaporization of hydro- 
carbons, 1544 et seq. 
diagrams, dewaxing, 1980 etseq. 
flash vaporization, 1581-2. 
oil-wax solvent, 1983-4. 
stills, 1659. 

temperatures in fractionating columns, 
1280 et seq. 

Equivalent number, parallel pipelines, 
731, 732. 

Erosion, 247. 

in relation to seepages, 296. 

Erythrcne, 948. 

Espenhahn process, 1808. 
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Esters : 

polarity, 2568 et seq. 
preparation by hydrocarbon oxidation, 
1030-1. 

X-ray diffraction. 2572. 

Esthonia, oil shales, 3081. 

shale oils, 3107-12. 

Ethane : 

calorific values, 1243. 
chemistry, 936-7, 939. 
combustion, explosive, 2875, 2879. 
hirrh pressure, 2885, 2886. 
slow, 2864-5, 2872. 
gaseous volumes, 1244. 
liquified gas, 1535. 
natural gas, 542. 

pyrolysis, 1994, 1999, 2012-14, 2030-2, 
2045. 

thermal data, 2090. 

Ethanol amines, 2784. 

Ethers : 

aliphatic, 2469. 
di-isoprop vl, 2445. 
glycol, 2468, 2784. 
hydrogenation, 2133. 
synthetic alcohols, 2809. 

Ethinoid linkages, 1710-12. 

Ethyl alcohol: 

blending, 2824, 2825. 
calorific values, 1243. 
from ethylene, 2802, 2803. 
from olefines, 2809, 2811. 
from water-gas, 2818. 
gaseous volumes, 1244. 
miscibility, 2826-8. 
properties, 2452. 

Ethylallene, 952. 

Ethyl benzene, 988, 2791. 
chloride, as refrigerant, 265 1 . 
mercaptan in bottled gas, 1535. 
nitrite, 2921. 
peroxide, 2929. 
sulphide, 1038. 

Ethylene: 

bromide, ciyoscopic solvent, 1296. 
calorific values, 1243. 
chemistry, 943, 947. 
combustion, 2860, 2865-6, 2875, 2880, 
2889. 

compounds from oil gas, 2781-6. 
cracking gas, 2806. 

dichloride, ebuUioscopic solvent, 1298. 
dihalides, 2777-80. 
from ethane, 2030-2. 
gaseous volumes, 1244. 
polvmerization, 2045, 2059-61, 2067, 
2134,2137, 2658, 2666, 2667. 
pyrolysis, 1997, 2005. 
reaction with sulphur, 1033. 
reaction with sulphuric acid, 1743. 
slow oxidation, 2944. 
source of acetylene, 2040-1. 
source of ethyl alcohol, 2802-3. 
thermal reactions, 2019-24, 2090. 
Eudalene, 976. 

Edreka, crude, properties, 845. 

Europe, character of crude, 930. 
foredeep oil-pools, 63. 
motor fuels, 2407 et seq. 

Euxinic sediments, 58, 59. 

Evactor cooling system, 1936-7. 
Evaporation gum test, air-jet, 1022-3. 
in calorimetry, 1225-6. 


refrigeration system, 1931, 1936-7. 
Evaporation losses: 

crude and gasoline, 828 et seq. 
determination, 829. 
reduction, 829 et seq. 
tanks, 825, 834 et seq. 
testing, 830 et seq. 
transformer oils, 1445. 
theor>% 828-9. 

Evolution (palaeontology), 306. 
Exchangers, heat, 2214-17. 

insulation of, 2240, 2242. 

Exmouth Gulf (W. Australia), Eocene 
beds, 127. 

Exothermic reactions, 2861. 

Expansion coefficients: 
alloy steels, 2286. 
fuel oil, 2552, 
kerosene, 2473. 
water, 2552. 

Expansion (thermal) of petroleum frac- 
tions, 1382. 

Expansional energy aspect of flow of oil in 
wells, 557-8, 560-1. 

Explosion analysis, natural gas, 1525, 1526. 
combustion, hydrocarbons, 2874-83. 
phenomena at high pressures, 2887, 
2891-3. 

process, carbon-black manufacture, 
2853. 

waves, see Detonation. 

Explosives, in asphalt mining, 640, 641. 

Facies, oil, 244. 

Facies of sediments: 

by mineral criteria, 312, 314. 
palaeontological, 307, 310. 

Facing bits, 431-2. 

Faecal matter as a source of petroleum, 
55. 

Faeshanching, China, 139, 

Fagundus, Pa.: gas-drive data, 579. 
P'airport field, buried anticline, 242. 
Falling sphere viscometer, 1072. 

False bedding, in cores, 503. 

False viscosity, 1071. 

Fan method, seismic prospecting, 384. 
Ears Series: 

Iran, 144 et seq. 

Kirkuk field, 149. 

Fatigue in sucker rods, 494 et seq. 

Fats, decomposition of, 55. 
in greases, 2589-90. 
in sediments, 44. 

Fatty acids : 
acetyl values, 1462-3. 
addition to mineral oils, 2562, 2564. 
combination with olefines, 944. 
distillation of salts, 937. 
greases and lubricants, 1460, 1462-3. 
hydrocarbon oxidation, 1031, 1032. 
iodine values, 1462. 
in sediments, 52, 55. 

Fatty oils: 

as source material, 51. 
effect on carbon formation, 2638. 
greases and lubricants, 1423, 1461-2. 
Faulting, in cores, 504. 

Faults; 

effect on water encroachment, 573. 
geophysics, 378. 

oil accumulation, 218, 252, 296, 298. 
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F.C. process, spent plumbite, 1729. 

Feed water treatment, 2373. 

Fenchane, 974. 

Fergana field, U.S.S.R., 155, 163, 900, 
911, 916, 917. 

Ferrous metal tubes for refinery service, 
2271 et seq. 

sulphate, demulsifier, 616. 

Fibrous cement, 481. 

Fillers, asphalt, 2740, 2741. 
greases, 1459-60. 
insulation, 1520, 2240-1. 

Filling losses, 818-20, 824, 830. 

Film characteristics, 2567-8. 
lubrication, 2558 et seq. 
polar, 2572. 
strength, 2602-5. 

Filter pressing, 1954 et seq. 

Filtration, contact treatment of mineral 
oils, 1680 et seq. 
equipment, 1794. 
oils, 1470. 
sands, 211. 
wax, 1436, 1958. 

Filtrol fractionation process, 1683. 

Fire: 

drilling motor, safeguards, 672. 
electrical protection, 2378. 
extinguishers, 2384-5. 
fighting, water supply, 2372. 
petrol, in relation to aircraft, 2383. 
precautions, fuel oil, 2553. 
prevention by floating roofs, 825. 
protection : 

pump houses, 780, 2368. 
sea terminals, 794. 
structural steel, 2248. 
service, refinery', 2375-6. 

Firebox castings, 2265, 2266. 

Firedamp, 1500. 

Fire-point, lubricating oils, 1414. 

Firewalls, 776, 789. 

Fischer Kogasin process, 2448, 2449. 

Fischer yield, 3108. 

Fischer-Tropsch process, hydrogenation, 
2136. 

Fish-beds, 308. 

Fishing-bailers, 605. 
tools, 402-3. 
under pressure, 419-20. 

Fishtail bit, 430, 431. 

Fissuring of rocks in relation to permea- 
bility, 504. 

Fitzroy River, W. Australia, 126. 

Fiume, crude oil, 932. 

Fixateurs, 2555, 2556. 

Fixed roof tanks, calibration, 711. 

Flame; flames: 
arrest, 2989. 
cool, 2965-6. 
detonation, 2995-3003. 

I.C. engines, 2927-32. 
methods of investigation, 2984-6. 
movement, 2979-82. 
propagation, 2914-16, 2924-5, 2983-94. 
temperature, dissociation, 2525-6. 
explosion, 2881-2. 
natural gas, 2852. 

Flash distillation, 609, 1581, 1656. 

Flash point: 

Diesel fuels, 2496. 
fuel oil, 1428. 
gas oil, 1405. 


kerosene, 1402-3, 2472. 
liquid bitumen, 1442. 
lubricating oils, 1414-16. 
testers, 1415-16. 
transformer oils, 1445. 
white spirit, 1400. 

Flashing, fuel oil, 2108 et seq. 

Fleming cracking process, 2081. 
Flicsskohle, 2555. 

Float collars, 413. 
meters, 2345-7. 
test (bitumen), 1441 . 
valves, 467. 

Float method for density determinations, 
1139. 

Floating bell differential manometer, 

2343-4. 

roofs, 711-12, 789, 825-7, 832. 

Florida, magnetic vector map, 344. 
Floridin, 2830. 
adsorbent, 1360-2. 
kerosene treatment, 1683. 
polymerizing catalyst, 2058. 
wax filtration, 1958. 
white oils, 2839. 

Flotation, migration of oil, 212. 

Floor insulation, 2252. 

Flow : 

asphalt, 2716. 
birefringence, 1104. 
calorimeters, 1229-30. 
chokes, 566. 
cold test, 1118. 
control, 815-16, 2335. 
drilling fluids, 454. 
fluid, in pipelines, 718 et seq. 
formulae, 723 et seq. 
heat from buried pipelines, 741. 
liquids and gases, across banks of pipes, 
2207. 

in packed columns, 2207-10. 
non-Newtonian, 735-9. 
porous rocks, 200. 
measurement, 688 et seq. 
meters, 705, 2340 et seq. 
nozzles and orifices, 709, 2344. 
oil and gas mixtures, determination, 514. 
oil, in reservoir rocks, 545-7, 559-60. 
strings, 566. 

valves, use in gas-lift, 584. 
wells, 557-61, 734-9. 

Flow-point, lubricating oils, 1413. 
Flowing wells, 557 et seq. 

Flue construction, 2374. 

thermostat, 2536. 

Fluid, content of cores, 505. 
film lubrication, 1408, 2598-9. 
flow, measurement, 688 et seq. 
friction and heat transfer, 2196-9. 
pipelines, 718 et seq. 
rotary drilling, 448 et seq. 

Fluorene group, 983, 984. 

Fluorescence test for oil, 506. 

Fluoride, estimation of in oilfield waters, 
650. 

Flush casing joints, 488. 

Fluxes and asphalt, 2733. 

Flysch sediments: 

Albania, 172. 

Czechoslovakia, 175. 

Germany, 188. 

Italy, 189. 

Poland, 177, 182. 
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P'oam, fire-extinguishing medium, 2384, 
2385. 

Folding, and oil accumulation, 218, 244, 
247. 

Follow-up bits, 446. 

Fontevivo (Italy), oil shows, 189. 
Foraminifera and foraminiferal deposits, 
113, 119, 306, 309. 

Forced convection, 2191. 
draught, 2373. 
shear viscometer, 1072. 

Foredeep oil-pools, 63, 64. 

Foreland pools, 64. 

Forest Clay beds, Trinidad, 108. 

Forest Reserve, Fyzabad crude, 879. 
I'orging, oil-fired furnaces, 2540. 

Formalite reaction, 1061. 

Formation pressure, 224. 

1 ormic acid, by hydrocarbon oxidation, 
1030. 

Formo.sa crude, 886. 

Fort Norman crude oil, Canada, 866. 
Fossil mud volcanoes, 291. 

Fossils, 306, 309. 

See also Palaeontology. 

Foster electric resistance thermometer, 
2333. 

Foxboro flow controller, 2355. 
meter, 2341, 2343. 
pyrometers, 2336. 

Stahilog controller, 2353. 
temperature controller, 2351. 

Fraass breaking-point test, bitumen, 
1440-1. 

Fractionating columns, 1467, 1591, 1629 
et seq. 

calculations, 1280. 
heat and material balance, 1495. 
McCabe and Thiele diagram, 1493-5. 
operating, 1496-7. 

Fractionation ; 
calculations, 1492-5. 
countercurrent contact, 1495-6. 
distillation, 1629 et seq. 
feed material, 1494-6. 

Filtrol process, 1683. 
gasoline absorption, 1492-7. 
internal reflux, 1493, 1495. 
natural ga.s, 1526. 

Fractures, in relation to porosity, 221. 
France: 

asphalt mines, 640-3. 
aviation fuels, 2442. 
motor fuel supplies, 2410. 
natural gas analyses, 1503. 
oil occurrences, 193. 
oil shales, 3081, 3090. 
research on detonation, 3054-6. 
specifications (asphalt and bitumen), 
2745. 

Fraser mirror-camera, 2985. 

Free energies, hydrocarbons, 2089-97. 
Freezing-point: 

aviation fuels, 2435. 
cryoscopic determinations, 1295. 
Freezing test, bituminous emulsions, 2708. 
Fr^jus (Var), oil shales, 3090. 

Friction: 

coefficients, 2568-9, 2574. 
engine, 2634. 

factors, fabricated packings, 2209. 
flow of oil in wells, 558 et seq. 
fluid flow, 718 et seq. 
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Friction (cont.) 

fluid and heat transfer, 2196-9. 
lubricants, 2558, 2562-3, 2595, 2598, 
2629-30. 

temperature relationship, 2564. 
Friedel-Crafts reaction, 939, 2137, 2664, 
2674. 

Fruitvale, crude, analyses, 853-5. 

Fuel; fuels: 
activity, 2901. 
air ratio, 2625. 
anti'knock, 2952. 
aviation, 2428, 2442, 2444, 3071. 
chimney design, 2375. 
coal tar, 2548-9. 
colloidal, 2554. 

Diesel, 1185, 2495 et seq. 
gaseous, 1243, 2045-75. 

I.C. engines, 2950-6. 
injection engines, 2956. 
liquid, 2548-9. 

measurement of knocking, 3057-65. 
motor, knock-ratings, 3066-71. 
(Europe), 2407. 

(U.S.A.), 2395. 
oil, burner practice, 2525-47. 
cracking, 2108 et seq. 
crude, proportion, 2126. 
industrial application, 2525-47. 
preparation from low temperature 
tar oils, 3116. 
specific gravin', 1 1 84. 
steam raising, 2548-53. 
suspensions, 2554-7. 
testing, 1428 et seq. 
reference, 3069. 
sensitivity, 3063. 
spray nozzle, 2894-7. 
testing, 3067, 3070. 

Fugacities, hydrocarbons, 2090. 

Full-hole cementing, 468-71. 

Fuller’s earth: 

acid treatment, 1702, 1703. 
as adsorbent, 1060, 1685-6. 
clay, 1693. 

cracked gasoline treatment, 1 693 et seq . 
filtering agent, 1470, 1699, 1702-3. 
specifications, 1694. 

Fulvenes, 2002. 

Fungicides, 2846. 

Furbero oilfield, 100, 104, 261. 

Furfural, solvent extraction process, 
1851, 1897, 1918-23. 

Furnaces, insulation, 2243, 
oil fired, 2540 et seq. 
tubing, 2288 et seq. 

Fushun (Manchuria), oil shales, 308 1 , 3092 . 
Fusion data, hydrocarbons and other 
substances, 1256-7. 

Fusulinidae, 309. 

Fyzabad oilfield, Trinidad, 107. 


Gabian Pool, France, 195. 
Gach-i-Qaraghuli field, Iran, 145, 147. 
Galapa, La Popa Group, Colombia, 116. 
Galician crude, optical activity, 1216. 
Galvanized tubing, 492-3. 

Galvanizing, oil-fired furnace, 2540-1. 
Garber field, buried anticline, 242. 

magnetometer work, 337. 

Gard, France: 
asphalt mines, 640-3. 


impregnated limestones, 292. 

Gas; Gases: 

analysers, 2348-9. 
anchor, 593. 
calorific values, 2343. 
conduction of heat, 2178. 
cutting, 416, 451. 
density, 1287, 1289. 

-drive, 535, 538, 554, 577-82. 
effect on metals, 2306. 
enriching, fuel oil, 2546. 
enrichment, 1539, 2501 et seq. 
equations and laws, 693. 
flow. 689. 

across banks of pipes, 2207 et seq. 
from gas wells, 206. 
fuels, 1243, 2458. 
high-heating values, 2517, 2520. 
hydrocarbons, conversion to fuels, 
2045-75. 

pyrolysis, 2007-44. 
thermal reactions, 1241, 1994-2006. 
industry, effects of cracking, 2126. 
laws, 704. 
lift, 583-8. 

liquefied petroleum, 1534 et seq. 
manufactured, 2501-11 et seq. 
meters, 705. 
oil: California, 854-5. 
calorific values, 1237. 
chemical composition, 990. 
chemical evaluation, 1405, 2523-4. 
cracking, 2104-7. 
crude, proportion, 2126. 
gravity of, 1184. 

Gulf Coast crudes, 861. 

-level determination, 523, 539. 
-ratios, drainage efficiency, 547-8. 

directed drilling, 444. 

Scottish shale oil, 3101-2. 
testing, 1404-6. 

release from solution in crude, 537-8. 
shows, 291-4. 
thermometers, 2328 et sec]. 

United States, 66. 
viscosity, 1080. 
volumes, 1244. 

Gasification of oil: 

contrast with carbonizatiem of coal, 
2505-6. 

influencing factors, 2507-8. 
reactions, 2506-7. 

CJasoline: 

absorption process, 1480-8, 2419-20. 
acid, content, 1396, 1.397. 

treatment, 1769 et seq., 1795. 
ageing, 1022, 1024. 
alcohol blends, 1397. 
analyses, 2125. 
antioxidants, 2125. 
automobile, 3057-63. 
aviation, 2428, 3063-5. 
calorific values, 1236. 
chemistry, 986, 1397-9. 
cold test, 1397. 

colour, 1005, 1006, 1393, 1394. 
consumption, in U.S.A., 2124, 2395. 

in U.S.S.R., 901, 907. 
cracked, acid treating, 1795. 
chemistry, 996-1006, 1696. 
refining, 2125. 
crude, proportions, 2126. 
distillation, 1390-2. 


fractionation, 1643. 
from hydrogenation, 2140-3. 
polymerization, 2004, 2(X)5, 2056-74. 
tar oil, 31 14, 31 15. 
water gas, 2136. 
fuels in Europe, 2408-13. 

Gulf Coast, 860, 861. 
gum. 1003-5, 1016, 1019, 1022, 1394-5, 
1693 et seq. 

hydrocarbons, 986, 996-1006, 1397-9. 
infra-red spectra, 1199-2000. 
knock ratings, 3057-71. 
lead susceptibility, 3030-1. 

tetraethyl, 1397. 
manufacture, 1475. 
methanol solubilities, 2822, 2823. 
natural, 1534. 
octane numbers, 2125. 
oxidation, 1016 et seq., 1024 et seq. 
physical properties, 1177, 1392-3. 
polymers, 1695, 2004-5, 2056-74, 2125. 
reserves, 2417-19. 
solvent refining, 1 863-4. 
special, 2425-7. 
sulphur, 995, 1395-6. 
testing, 1390-9. 
vapour-pressure, 820, 1392-3. 

\olatility index, 1 392. 
water-content, 1397. 

(jathcring systems, 759, 760, 672, 812 et 
seq. 

Gauges, 815-16, 2339-40. 
glasses, tank, 684. 

pressure, bottom-hole measurement, 
508 et seq. 

(jbely Oil Pool, Czechoslovakia, 175. 
(iear greases, 2591 . 

teeth, pitting, 2601. 

Cjcars: 

flaking and pitting, 2648. 
lubrication, 2647-9. 
operating temperatures, 2648-9. 
spur and bevel, 2647-8. 

\vorm, 2648. 

testing machine, 2564-5. 

(iebel Zeit Held, Egypt, 898. 

Cielling, cement, 477 et seq, 
drilling mud, 465. 
tung oil, 2750, 2753. 

Gels, 1 102. 
oil, 2556. 

solidification of lubricants, 2676. 
Gemsa field, Egypt, 151, 242, 898. 
(Generators: 

alternating current, 2363. 

Diesel engine, 673. 
plants, design, 2362-5. 
power supply, 2372-3. 

Stone’s locomotive turbo-, 674. 
units, electric, 670. 

Geochemical aspects, origins of petro- 
leum, 46. 

Geological occurrence of oil, 33. 

structures, and the exploration of oil, 305 . 
technique of prospecting for petroleum, 
271. 

Geology of: 

Argentine, 120-3. 

As.sam and Burma, 133-6. 

Australia, 124-9. 

Canada, 96-9. 

Caucasian region, 155 et seq. 

Colombia and Maracaibo Basin, 111-17, 
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East Indian Archipelago, 131. 

Ecuador, 118. 

Egypt, 150. 

Germany (Zechstein Basin), 184-8. 
gravitational petroleum prospecting, 
374. 

Iran and Iraq (oilfield belt), 140-8. 

New Guinea, 130. 

Poland, 177-83. 

Roumania, 167-71. 

Tampico-Tdxpan Oilfields, 100-5. 
Trinidad and Eastern Venezuela, 106- 
10 . 

U.S.A.: 

Appalachian Geosyncline Province, 
69. 

Bend Arch Petroliferous Province, 
82. 

Cincinnati Arch Province, 72. 
Eastern Interior Province, 76. 

Gulf Embayment Province, 84. 
Michigan Basin Province, 74. 

Pacific Geosyncline Province, 93. 
Rocky Mtn. Gcosynclinc Province, 
89. 

West Texas Basin, 87. 

Western Interior Province, 78. 
Wichita Amarillo Mtn. Province, 80. 
Geophysics and geophysical methods, 
272, 315-98, 573. 
maps, 282. 

Georgia (U.S.S.R.), crudes, 900, 904. 
Geosynclinal Basins, East Indian Archi- 
pelago, 131. 

Geosynclines, Australia, 124 et seq. 
Geothermal measurements, in relation to 
geological structure, 516 ct seq. 
Gcraldton, W. Australia, 127. 

Germany : 
crudes, 930. 

distribution of petroleum, 64. 
gas-lift practice, 184, 586. 
motor-fuel supplies, 2410. 
salt masses, 255, et seq. 
specifications for asphalt and bitumen, 
2746. 

Gibbsite, 461 . 

Gilsonite, 293, 640, 2584, 2700, 2702, 
2710, 2711,2722-4, 2750, 3086. 
Gippsland Basin, 128. 

Girbotol process, 1810-15. 

Glance pitch, Manjak, 2584, 2711, 2726. 
Glenn oil sands, 79. 

Glenn Pool (Oklahoma), 303. 

Globe control valves, 2355. 

Glycol ethers, 2468. 

Glycols, from oil-gas olefines, 2784, 
2785. 

Gold acetylide, 953. 

Gold Coast wells, 152. 

Golden Lane (Mexico) Fields, produc- 
tion, 241. 

Goose Creek Pool, Texas, 87, 226. 
Gorani Beds, Albania, 172. 

Gorham field, buried anticline, 242. 
Grabownica crude, 923, 924. 

Grading, sand, 220. 

Graham, Ohio: gas-drive data, 579. 
Grahamite, 293, 295, 640, 2584, 2710, 
2711,2724-6. 

Grain-size, sediments, 199, 460, 504. 
Granite, conductivity, 518. 

IV 
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Graphite: 

lubrication, 1064. 
occurrence, 46. 
petroleum coke, 2775. 

Graphitizing alloying elements, 2259. 
Grashof number, 2197. 

Gravimeters, 323, 369. 

Gravitational surveys, 319, 322, 364. 
Gravitometers, 2347-8. 

Gravity, 1129. 

correction in capillary type viscometers, 
1074. 

index, 1089, 2578. 
scale (A.P.I.), 1137. 

Gray chiller, 1956. 

machine, wax moulding, 1961. 
process, cracked gasoline treatment, 
1693, 1694-6. 

refining treatment, 2110-11. 

Gray Lime, Panhandle district, 81. 
Greases: 

abrasives, 1459-60. 
analysis and testing, 1453 et seq. 
anomalous viscosity, 1103. 
classes, 1453-4, 1456. 
cold action, 1118. 
corrosion, 1455. 
lubricating, 2648-9. 
aluminium base, 2592. 
lead base, 2592-3. 
lime base, 2588-90. 
properties and testing, 2589 et seq. 
soda base, 2590-1. 
pipeline coatings, 755. 

Great Artesian Basin, Australia, 124 et seq. 
Great Central Railway pulverized fuel 
locomotive tests, 2554. 

Great Eastern Railway, oil burning, 2549. 
Greece, crude oil, 932. 

Green acids, 2840. 

Grecndale oil pool, Michigan, 75. 

Green River Basin, 68. 

Green River formation, oil shales, 3081. 
(ircenstrcct cracking process, 2084. 
Greenwood Co. (Kansas), sand bodies, 
2.32. 

Grignard reaction, 936, 948, 968. 

Ground resistivity, 318. 

Grozny : 

anticline, 358. 

crudes, 900, 904, 913, 916, 917. 
geology, 160. 
hydrocarbons, 987. 
lubricating oils, 2582. 

Guadalupe Group, Colombia, 114. 
Guaduas Beds, Colombia, 115. 

Guanaco, crude, 878. 

Guayaguayare (Trinidad), crude, 880. 
oilfield, 108, 

Guayuta shales, Venezuela, 110. 

Guelph Dolomite, 96. 

Guiberson casing oil-saver, 422. 

Gulf coast: 

crudes, nature and refining, 858-64. 

viscosity, 1091 et seq. 
magnetic survey, 342. 
oils, solvent extraction, 1915. 

Plain, accumulation in igneous rocks, 
261-2. 

salt domes, 257 et seq., 321-2, 324, 
374-5. 

Gulf Embayment Province, 67, 84. 

Gulf of Suez, 150. 

3E 


Gum: 

catalytic hydrogenation, 2146. 
chemical properties, 1017-19. 
cracked gasoline, 1003-5. 
engine trouble, 1019. 

Estonian shale oils, 3111. 
formation, 1019-20, 1710-13, 1717, 
1743, 1751, 2635-8. 
gasolines, 1016 et seq., 1021, 1024. 
hydrocarbons, 1019-20. 
inhibiting-index, 1026, 3047. 
pipeline coatings, 755. 
potential, 1019, 1022, 1394. 
preformed, 1019, 1022, 1394. 
removal, 1693 et seq. 
stability, 1394-5. 
tests, 1016 et seq. 
tolerance, 1023-4. 
white spirit, 1400. 

Gura Ocni^ei (Roumania), crude, 920. 

Field, 170. 

Gypsum, 293, 295. 
incorporation in cement, 478, 481. 

Iran, 145. 

Gyro process, 2085, 2112-4. 

Gyttja sediments, 58, 59. 

Haalk^s method of interpretation of mag- 
netic anomalies, 331. 

Ilackforcl factor, oxidation of lubricating 
oils, 1419. 

Haflong-Desand fault, Assam, 135. 

Haft Kel field, Iran, 145, 145-7, 520. 

Hair felt, low temperature insulation, 2251 . 
Hall process, vapour-phase cracking, 1016, 
2084-5. 

Halliburton drilling system, 671. 

-Perkins’s method cementing, 467, 468. 
Halloysite, 461, 1699. 

Halogenation : 
paraffins, 939, 

solvent selectivity, effect, 1847. 

Hamilton Corners, Pa., gas-drive data, 579. 
Hanus iodine value, 1398. 

Hardness of rocks, relation to permea- 
bility, 504. 

Harklowa, U.S.A., crude, 929. 

Harmcl, Tex., gas-drive data, 579. 
Harmony, Pa., gas-drive data, 579. 

Hart field, magnetic survey, 344. 
Hasemanite, 56. 

Hatchett, Tex., gas-drive data, 579. 
Hatt-Dussek homogenizer, 2706. 
Haupt-dolomit, Germany, 184. 

Hausbrand superficial velocity formula, 
1485. 

Haynesvillc, La.: 

crude, properties, 847. 
gas-drive data, 579. 
geology, 86-7. 

Haze, cracked gasoline, 1019. 

Healdton, Okla.: 

crude, properties, 848. 
gas-drive data, 579. 
geology, 81. 

Heat: 

capacities, hydrocarbons, 2089-97. 
combustional, 1227 et seq., 1241, 1357 
et seq. 

content, 1227-8, 1250-5, 1386. 
exchangers, 1468, 1592, 1663. 
performance, 2220-2. 
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Heat (cont,) 
exchangers (cont.) 

tubing, 2278-9, 2293-4. 
losses, buried pipelines, 740-6. 
transfer, 2212 et seq. 
calorimetry, 1225-8. 
fluid friction, 2196-9. 
insulation, 2233-9. 
transmission, boiling liquids, 2201 . 
treatment, cast irons, 2261. 
chrome steels, 2276. 
metal, oil-fired furnaces, 2540. • 
steel, 407. 
vaporization, 1229. 
wetting, 2570. 

Heaters, 666, 2211-14, 2223 ct seq., 2552. 
tubing, 2292. 

Heating, kerosene, 2475-83. 

liquefied petroleum gas, 1538-9. 
Heaving shales, 417-19. 

relation of drilling fluids, 451. 

Heavy minerals, correlation of sediments, 
312 et seq. 

residues of cores, 503. 

Hechenbleikner process, 2769, 2770. 
Hele-Shaw rotary pump, 802. 

Helium : 

in natural gases, 48, 1504, 1511-16, 1532. 
occurrence, 1517-23. 

Helix flow-meters, 2345. 

Hemimcllitene, 988. 

Henderson, West Va., gas-drive data, 579. 
Hendrick’s Pool, U.S.A., 88. 
crude, 846. 

residuum, Duosol process, 1926. 
Heptaldehyde, slow combustion, 2870. 
Heptanes: 
ignition, 2961-2. 
physical constants, 1 350-1 . 
reference fuels, 3058. 
slow combustion, 2868-9. 
source, 48. 

Heptenes, physical constants, 1355. 

slow combustion, 2871. 

Heptoprene, 948. 

Heptyl mercaptan, 1037. 

Herschel demulsibility test, lubricating 
oils, 1417. 

Hersh-Fisher-Fenske system, viscosity, 
1096. 

Hewitt Oil Pool, 81. 

Hexanes : 

calorific values, 1243. 
chemistry, 936-7, 988, 989. 
gaseous volumes, 1244. 
ignition, 2961, 2964, 2966. 
lead susceptibility, 3031. 
oxidation, 2943, 2955, 2968. 
stripping, 1489-90. 

Hexenes : 
alcohols, 2807. 
chemistry, 941-3. 
isomerization, 2121. 
physical constants, 1355. 
polymerization, 2666-7. 
reactions with sulphur, 1714. 

8ulph\u*ic acid, 1749. 

Hexyl alcohol, 2810. 

chloride, 2^3 et seq. 

Hickman sand, porosity, 504. 
Hieroglyphic j^ds, Poland, 179. 

High alloy steels, for tubing, 2278. 
-pressure wells, drilling, 433-7. 
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temperature corrosion, 2318. 
temperature performance, cast irons, 
2263-6. 

test alloy, cast iron, 2262, 2270. 

High temperature, see also Temperatures, 
tar, 2161-3, 3118-27. 

See also Coal tars. 

‘Highs* (Geological), 68. 

Highways, asphaltic products, 2728. 

Hild drive, 671. 

Hobbs field (New Mexico): 
crudes, 846 

magnetometer work, 339. 
production, 89. 

residuals, nitrobenzene extractions, 1906 
Hodonin (Czechoslovakia), crude oil, 931. 
geology, 175. 

Hoerkan Loshan, China, 934. 

Hohensalza, Poland, 177. 

Hokkaido crude, 887. 

Holde’s method, determination of oil in 
wax, 1436. 

Holland, motor-fuel supplies, 2412. 
Holley-Mott plant, 1731, 1736, 1752, 1795. 
Holliday Cove, West Va., gas-drive data, 
579. 

Hollow-cored cable, Pirelli, 1447. 

Hollow field, U .S .A., crude, properties, 844. 
Holmes-Manley cracking process, 2083, 
2112. 

Holocene rocks, Trinidad, 107. 

Holy Island, U.S.S.R., 159. 

Homer Pool, 86, 87. 

Homogenizer, manufacture of bituminous 
emulsions, 2706-7. 

Honda Beds, Colombia, 117. 

Hdppler viscometer, 1072, 1411. 
Hortonsphere, Hortonspheroid, 81 8, 823-4. 
Houdry cracking process, 2086, 2115. 
Household sprays, use of oils, 2845. 
Howco lining, 470, 471. 

Huasteca formation, Tampico-Tuxpan 
region, 103. 

Huating, China, 1 39. 

Hughes plunger lift, 587. 

Hugoton gasfield, U.S.A., 79. 

Humble Pool, U.S.A., geology, 87. 
Humidity compensator, in recorders, 2349. 
Humus, soil, 56. 

‘Hundred Foot* sand, Pennsylvania, 235 
et seq. 

Hungarian Basin, geographical distribu- 
tion of oil, 64. 

Hungary, motor-fuel supplies, 2412. 
Hunglung Well, China, 934. 

Huntingdon Beach, crude, analyses, 853-6. 

hydrocarbons, 987. 

Hunton formation, 79. 

Hurghada field, Egypt, 151, 898. 

Hurrell homogenizer, 2706. 

Hydraulic control, 570. 
currents and migration of oil, 210, 213. 
pilot-operating controllers, 2351-4. 
rotary pressure drilling, 437. 
rotary table, 443. 

Hydraulicing spudding bit, 446. 

Hydril casing plug, 422. 

Hydro-aromatic bases, 1047. 
Hydrocarbons: 
analysis, 1213, 1220, 1375. 
chains, 2562. 
chemistry, 935-85. 
chlorination, 2795-801 . 


combustion, 2860-83, 2884-93, 2917, 
2942-7. 

compressibility factors, 1265-6. 
cracked distillates, 996 et seq. 
cracking, 2099-107. 
detonation velocity, 2999. 
distillation, 988-9, 1544 et seq, 
energy of linkages, 1357. 
extraction, 986-8. 
free energies, 2089-90, 2094-7. 
fugacities, 2091. 

gases, conversion to liquid fuels, 2045-75. 
natural, 1502, 1503. 
pyrolysis, 2007-29. 
removal of HaS, 1804-15. 
thermal reactions, 1994—2006. 
gas oils, 990. 
gasoline, 1397-9. 
heat, capacities, 2089-94. 
ignition, 2897-907, 2950-6, 2961-8. 
characteristics, 2918, 2919. 
spontaneous, 2974. 
in various crudes, 986-92. 
index, 1316 et seq. 
infra-red spectra, 1197-9. 
kerosene, 990, 2471. 
knocking characteristics, 3004-23. 
latent heats, 1256-60. 
lead, susceptibility, 3031. 

tetraethyl effect, 3036. 
light distillates, 1708-12. 
lubricating oils, 990, 1760-1, 2576. 
methanol solubilities, 2822, 2823. 
naphthenic acids, 1010, 1012, 1015. 
natural gas, 1502, 1503. 
nitro products, 988. 
occurrence, 48, 50. 
origin, 32 et seq. 

oxidation, 1028, 1032, 2950-6, 3036. 
polymerization, 955-67. 
pressure-temperature relations, 1263-9. 
properties, 39, 1137, 1172, 1309 et seq., 
1349. 

purity, 988, 1197. 
pyrolysis, 2007-29, 2030-44. 
refractive indices, 988. 
shale oil, Estonian, 3110. 

Scottish, 3099. 
solvent systems, 1823-8. 
sulphur reaction, 1033. 
sulphuric acid action, 1740-55, 2764. 
thermochemistry, 2088-98. 

U.S.S.R., 905 ct seq. 
viscosity relationships, 991, 1083 et seq. 
water gas, 2136, 2171-2, 2447. 
waxes, 992-4; see also Paraffin wax. 
Waxes. 

see also Aromatics, Olefines, Paraffins, 
&c. 

Hydrogen : 

air mixtures, combustion, 2888. 
calorific value, 1243. 
estimation in natural gas, 1 525-6. 
fuel for I.C. engines, 2459. 
liberation from hydrocarbons, 40. 
measurement in flue gas, 2348-9. 
natural gas, 1504. 

pyrolysis source, 1994-5, 1997-8, 2001-5. 
regeneration, 2132. 
slow combustion, 2941-2. 
spontaneous ignition, 2961 . 
sulphide, absorption by amines, 1810-15. 
asphalt, 643. 
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Hydrogen sulphide (cont.), 
calorific values, 1243. 
content, petroleum, 898, 1033. 
corrosion, sucker rods, 496, 2316. 
lead-free paints, 834. 
reaction with diolefines, 1711. 
reaction with hypochlorites, 1037, 
1730-7. 

removal from gases, 1804-15. 

light distillates, 1716-37. 
water gas, 2172. 

Hydrogenation : 
aldehydes, 2133. 
aromatics, 2134-5. 

Bergius process, 2135. 

catalysts, 2133 et seq., 2156, 2160-1. 

coal, 2149-55. 

cracking of tars, catalysts, 2156, 2160-1. 
effect of variables, 2159-60. 
high temperature, 2161-3. 
low temperature, 2156-9. 
destructive, 2135-6. 

Estonian shale oil, 3109. 
ethers, 2133. 

Fischer-Tropsch process, 2136. 
geological, origin of petroleum, 34, 50, 
59. 

high temperature and pressure, 2133 et 
seq. 

history, 2130-2. 
inorganic compounds, 2138. 
intemiolecular, 2 1 37-8. 
ketones, 2133. 
nitriles, 2134. 
normal, 2133-5. 
olefines, 949-50. 
oximes, 2134. 
petroleum, 2139-48. 
poly-hydrogenation, 2138. 
reactions, 2133 ct seq. 
selective, 2134. 
sulphur compounds, 2135. 
unsaturateds, 936. 

Hydrometers, 1 1 38, 2322 et seq. 

Hydromicas, 462. 

Hydroquinone, as anti-oxidant, 3040. 

Hydrostatic pressure, liquid-level meters, 
2347. 

oil-pools, 225. 

Hypochlorite reaction, 1037, 1730-7. 

Hydroxylation theory, combustion, 2871. 


Icing, and aviation gasoline, 2428. 
Ichthaldin, 2841. 

Ichthyoform, 2841. 

Ichthyol, 1039, 2841, 3099. 

Icotea formation, 876. 

Ideal gas law, 1287. 

Igneous dykes, Madagascar, 154. 

intrusions, temperature changes, 228. 
Igneous rocks : 

oil accumulations, 261. 
porosity, 221. 

reservoirs, potential oil yield, 554. 
Tampico-Tiixpan Oilfields, 103. 
Ignition : 
catalytic, 2977. 

Diesel fuels, 2491-4. 
electrical, 2977-8. 

explosive combustion phenomena, 2875- 

6 . 

flame velocity, 2955, 2976-82. 
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frictional sparks, 2978. 
fuel sprays, 2978-9. 
gases, 2958-68. 

mixtures with air, 2976-7. 
hydrocarbons, 2897-907, 2919, 2951-6. 
liquid phase, 2898-9. 
peroxide theory, 2899. 
thermal decomposition theories, 2899. 
vapour phase, 2898. 
lag, 2901. 
modes of, 2937. 

spontaneous, temperatures, 2970-5. 
temperatures, explosive mixtures, 2958- 
62. 

relation to aircraft fires, 2383-4. 
transition from slow combustion, 2947. 

Ihrigizing, 1476. 

Illinois, U.S.A., black shales, 3081. 
fields geology, 67, 76, 78, 234. 
gas-drive data, 580. 

Illuminating power, kerosenes, relation to 
chemical constitution, 1404. 

Iman Kara, U.S.S.R., 164. 

Impact resistance, cast irons, 2262-3. 
steels, 2297-8. 

Impregnating compounds, cable, 1447. 

Impregnations, oil, 292, 295. 

Impsoniic, 124, 2711, 2584. 

Incendivity, H. T. jump spark, 2977-8. 

Indaw field, Burma, 135, 136. 

Indene, 944, 982, 1712, 1750. 
knocking characteristics, 3023. 
polymerization, 959-60. 

India (North-West), oil, 138. 
production and proved reserves, 533, 

Indiana, black shales, 3081. 
oil-pools, 67, 76, 78. 
oxidation test, 1419-20, 2607-8. 

Indianite, 1699. 

Indications of oil (surface), 291. 

Induction period : 
oxidation and combustion, 3037-9. 

of gasolines, 1019, 1025. 
slow combustion, 2860-66. 

Industrial petroleum solvents and white 
spirits, 2462. 

Infantas field, Colombia, 884. 

Inflammability of gases and vapours, 
limits, 1247. 

Inflammable mixtures, 2888-93. 

Infra-red absorption spectra, see Spectra. 

Inglewood, U.S.A., crude, analyses, 857. 
production data, 853. 

Inhambane area, Portuguese East Africa, 
153. 

Inhibitors, corrosion, 2312-13. 
oxidation, 1019, 1024-6. 

Injection engine fuels, 2956. 
research, 2894-7. 

Inkohlung process, 2130-1. 

Inks, 1065. 

Inorganic acidity, lubricating oils, 1422. 
compounds, hydrogenation, 2138. 

Inowroclaw, Poland, 177. 

Insecticidal oils, 2843 et seq. 
emulsions, 1064. 
solvent extraction, 1901-2. 
specifications, 2845. 

Insert pumps, 591. 

Inserts, tungsten carbide, 431. 

Inspection sheet, engine, 2616, 2617. 

Insulation, composite, 2238-9. 
economical thickness, 2237. 


equipment, oil industry, 2240. 
heat transfer, 2233-9. 
tank, 831-2. 

Insulating materials, thermal conductivity, 
2204-5, 2235. 

Interfacial tension, 1366, 1369. 

lubricants, 2569^70. 

Intermitters, gas, 585. 

Intermolccular hydrogenation, 2137-8. 
Internal combustion engines, see Engines. 
Inyaminga, Portuguese East Africa, 153. 
Iodine, in oilfield waters, 650, 655. 
values, alteration by clay treatment, 
1684. 

fatty acids, 1462. 
lubricating oils, 1421. 
olefines, 1398. 
lodoprene, 948. 

Iowa, U.S.A., crude properties, 848. 

Iowa Park, Tex., gas-drive data, 579. 

Iran: 

crude, composition, 894. 
geology, 140. 

isogeothermal section, 520. 
natural gas analysis, 1 506. 
production and proved reserves, 533. 
salt domes and masses, 251, 256 et seq. 
Iraq: 

asphalt, 2720. 
crude, 896-7. 
distillates, 1923. 
geology, 140 et seq., 149. 
pipeline, 745-6. 

production and proved reserves, 533. 
residuum, 1926. 

Irish Free State, imports of motor fuel, 
2409. 

Iron: 

carbonyl, anti-knock, 3027-8. 
catalyst for hydrogenation, 2134. 
oxide process, removal of H 2 S, 1804-5. 
sucker rods, 496. 

Irrawaddy Series, Burma, 133. 

Irwin River Basin, W. Australia, 126. 
Isberdash field, U.S.S.R., 907. 

Ishimbaevo, West Urals, 164. 

Iskine, U.S.S.R., 164, 908, 915. 
Isobornylane, 974. 

I so butane : 

dehydrogenation, 2037-9. 
pyrolysis, 940, 1994-5, 2000, 2018-19. 
Isobutenes, 2830-5. 

anti-knock properties, 1755. 
polymerization, 941, 946-7, 957, 960. 
reactions with sulphuric acid, 1744-8. 
thermal reactions, 2027. 

Isobutyl alcohol, 1745. 

sulphide, 1038. 

Isobutylenes, 943, 2019. 
polymerization, 1062, 2061, 2066-7, 
2069, 2073. 
pyrolysis, 2002-4. 

Isocamphane, 974. 

Isocarbs, 245. 

Isochloride maps, 280, 283. 

Isochron contour maps, 385. 

Isogams, 373, 375. 

Isom cracking process, 2081. 

Isomerism, 1350. 

hydrocarbons, 936, 941-4, 954, 2121-2. 
identification, 1214. 
spectra, 1197-9. 

Isononene, 1749. 
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Iso>octanes» 2019. 
anti-knock material, 2434. 
aviation fuel, 2444, 3065. 
catalytic formation, 2837. 
physical properties, 2836. 
pyrolysis, 2005. 
reference fuel, 3058-9. 
solvent for Ebullioscopic work, 1298. 
sulphur content, 2836. 

Iso-octcncs, 1749. 

Isopach (Isopachous) maps, 280, 301. 

Iso-pentane, as aviation fuel, 2444. 

Isoprene, 948, 950, 971-2, 1750, 2848-9. 
dimerides, 961. 
polymerides, 964-5. 
pyrolysis, preparation, 2002. 

Iso-propyl alcohol, 2806, 2809-11. 
ethylene, 1751, 1755. 
nitrite, 2921. 

Isthmus fields, Mexico, crudes, 873-4. 

Italy: 

crude oils, 932. 
motor fuel supplies, 2411. 
oil occurrences, 189. 

Ixometer, Barbey, 1410-1 1 . 


Jaba, N.W. India, 138. 

Jackson formation, 86. 

Jamin effect, 537, 538, 543-4, 553. 
Jamna sandstone, Polish Carpathians, 
179, 181. 

‘Japan’ bituminous, 2748 et seq. 

Japan, crudes, 886-7. 

oil shales, 3081, 3092. 

Jardin oilfield, Mexico, 100. 

Jat intermitter, 585 et seq. 

Java, crudes, 889-90, 1216. 
oilfields, 131. 

Jenkins cracking process, 2081. 

Jentzsch ignition meter, 2971. 

Jessamine Dome, 73. 

Jet contactors, 1781-3. 

Jointing, relating to porosity, 221. 

Joints, pipeline losses, 727. 

Jones oil-gas process, 2514-15. 
Joule-Thomson coefficient, measurement, 
1230. 

Juan Casiano oilfield, Mexico, 100. 

Jujuy Province (Argentine) : 
crudes, 881. 
geology, 120. 

Jurassic oil, general distribution, 61. 
Jurassic rocks: 

Argentine, 121. 

Australia, 124. 

Canada, 96, 97. 

France, 193, 195. 

Germany (Zcchstein Basin), 186. 

Iran and Iraq, 142. 

Tampico-Tdxpan Oilfields, 100. 
U.S.A., 67, 91. 

U.S.S.R., 164. 

Jurassic rocks (Asphalts), 2720. 


Kalhur limestone, 148. 

Kali field, U.S.S.R., 900, 914. 
Kalushky field (U.S.S.R.): 
geology, 161. 
lubricating oils, 2582. 

Kamilaroi series, Australia, 124 et seq. 
Kimpf viscometer, 1107. 


Kansas, U.SA.: 
gas-drive data, 579-80. 
gasoline analyses, 2125. 
oilfields, geology, 67. 
production and proved reserves, 80, 533. 
residuum, duosol refining, 1926. 

Kansas, Central, uplift, 78, 79. 

Eastern, lenticular sand bodies, 232, 233. 
tidal inlet channels, 234. 

Kansu Province, China, 139, 934. 

Kaolin, Kaolinite, 313, 460. 

Kara-Chukhur Oilfield, U.S.S.R., 158, 
903, 914. 

Karatchungul, U.S.S.R.. 164. 

Katangli field, U.S.S.R., 912. 

Kauri- Butanol test, 1401. 

Kaya-Kent field, U.S.S.R., 907. 

Kellogg unitary process, 2053-5. 

Kenetometer vacuum gauge, 2339. 

Kent flow-meter, 2341. 

Kentucky, U.S.A.: 
asphalts, 2721. 
gas-drive data, 579-80. 
gasoline analyses, 2125. 
oilfields (geology), 67, 69, 72, 76, 78. 
oil shales, 3081, 3090. 
petroleum coke analysis, 2774. 

Kern River, U.S.A.,crude analyses, 853-7. 

Kero-bases, 1047, 1048. 

Kerogen, 47, 3084, 3085. 

Kerosenes, 2470-3, 2475 et seq. 
acid treatment, 1770 et seq. 
burning, 1403. 
calorific value, 1236. 
chemical composition, 990, 1404, 2471- 
2, 2483. 

clay treatment, 1683. 

colour, 1402, 2473-5. 

crude, proportion, 2126. 

density and refractive index, 901, 1117. 

dilution of crankcase oil, 1423. 

distillation, 1401. 

Edeleanu process, 1888-91. 
flash-point, 1402-3. 

Gulf Coast crude, 861. 
hydrogenation, 2143. 
knock rating, 2484. 
lighting and heating, 2475-83. 
natron test, 2481. 
power purposes, 2483-4. 

Scottish shale oil, 3101. 
smoke-point, 2477 et seq. 
solvent, 1864, 1888-91. 
sulphide dioxide refining, 1888-91. 
sulphur, 1402. 
testing, 1401-4. 
viscosity, 1401-2. 

Kertch Peninsula, 162. 

Ketones : 
aliphatic, 2467. 
from naphthenic acids, 1013. 
hydrogenation, 2133. 
oxidation, 1031. 
reduction, 936, 939. 

Kettleman Hills Pool, 93, 94. 
crude analyses, 853-7. 
production and proved reserves, 533. 
residuum refining, 1977, 1895. 

Kevin-Sunburst field, U.S.A., 91, 92, 97. 

Key bed, in structure contour maps, 276. 

Khadigensk, U.S.S.R., 161. 

Khanabad Sai, U.S.S.R., 165. 

Khandag, U.S.S.R., 165. 


Khattan, Baluchistan, 138. 

Khaur, Punjab, 138, 292. 

Khosh Menzil, U.S.S.R., 160. 
Khurdalany, U.S.S.R., 159. 

Kick-off valves, use in gas-lift, 584. 
Kielce, Poland, 177. 

Kieselguhr, 944, 1794, 2063. 

Kilgore, crude properties, 847. 

Kilns, oil-fired, 2541 et seq. 

Kim (Santo) field, U.S.S.R., 911, 915. 
Kimmeridge clay (oil shale), 1038-9, 
1042-3, 3092. 

Kimmeridgian rocks, Tampico-Tuxpan 
oilfields, 100. 

Kinematic viscosity, gases, 1072, 1080. 
Kinetic coefficient of friction, lubricants, 
2569. 

energy errors in capillary type visco- 
meters, 1074. 
theory, 1287. 

Kinsel recovery process, spent plumbitc, 
1729. 

‘Kir’ (asphalt), U.S.S.R., 155, 159. 
Kirchoff’s law, 2184 et seq. 

Kirkuk field, Iraq, 143, 145, 149, 535, 538. 
Knock : 

anti-knock, 2913, 2914, 2916, 2922-4. 
characteristics : 

automotive fuels, 3057-65. 
hydrocarbons, 2920-1, 3004-23. 
detonation waves, 2993-4. 
engineering aspects, 3012, 3072-6. 
explosion in closed vessels, 2879-80. 
flame movement, 2924-5, 2980. 
general statement, 2911-26. 
ignition, 2963-8. 
in I.C. engines, 2927-36. 
lead tetraethyl, 3013-15. 
non-knocking fuels, 3024-5. 
preflame reactions, 2930. 
preventers, see Anti-knock compounds, 
pro-knocks, 2921, 2924. 
pure compounds, 3010-12. 
ratings : 

effect of olefines, 1800^1. 
kerosene, 2484. 
lead response, 2423-5. 
methods, 3057-65. 
motor method, 3070. 
research method, 3067. 
tendency of fuels, 2950-6. 
time lag, 2966, 2967. 

Knowles coke oven, 2772. 

Knox Plant, Pa., gas-drive data, 579. 
Knox process, 21 14. 

Kobylanka field, Poland, 182. 

Koetei, Borneo, crude, 987-90. 

Kogasin, 2448-9, 2659, 2661, 2667. 
Kollag, 1064. 

Komarnik field, Czechoslovakia, 175. 
Korezyna crudes, Poland, 929. 

Koschagil field, U.S.S.R., 908, 909, 915. 
Kosmaez crudes, Poland, 929. 

Kremser absorption factor formula, 1488. 
Krey cracking process, 2078. 
Kroscienko-Niznc crude, Poland, 924> 
925. 

Krosno Beds, Poland, 179. 

Krupp ignition meter, 2971. 

Kryg crude, 929. 

Kuban-Black Sea region, crudes, 900, 
907. 

Kuchova Pool, Albania, 172. 



Kudako, U.S.S.R., 160. 

Kukersite, 60, 3089, 3107. 

Kundal, Trans-Indus salt-range, 138. 
Kungching, China, 934. 

Kuyuan, China, 139. 


La Brea formation, Trinidad, 106. 

La Brea-Parinas, Peru : 
gas-lift practice, 586. 
repressuring, 578. 

La Cira field, Colombia, 884. 

La Concepcion, Venezuela, crude, 877. 

La Luna formation, 113. 

La Pampa, Argentine, 120. 

La Paz, Venezuela, crude, 877-8. 

La Rosa, Venezuela, crude, 877. 

La Salle, U.S.A., anticline, 67, 77. 

La Villa Beds, Maracaibo Basin, 116. 
Lability, bituminous emulsions, 2708. 
Laboratory testing : 
core samples, 506. 
petroleum products, 1 388-406. 
small-scale distillation, 1629. 

Lachman process, 1756-7. 

Lacquer : 

corrosion protection, 2313-14. 
in lubricating oils, 2622. 
solvents, 2465. 

Lafitte Pool, Louisiana, 268. 

Lagoon Bouff (Trinidad), mud volcano, 
291. 

Lagunillas crude, 876-7. 

Lake Baikal, U.S.S.R., 166. 

Lam6 equation, collapsing strength of 
casing, 485-6. 

Laminar flow: 

Bingham body in circular pipes, 737-8. 
non-Newtonian liquids in circular 
pipes, 736. 

Lampblack, see Carbon-black. 

Lamps, 673-4, 2475 et seq. 

behaviour, 2480 et seq. 

Lancashire boilers, fuel oil burning, 2553. 
Langri field, U.S.S.R., 912. 

Lanjnva field, Burma, 135-7. 

Larson Schwarderer system, viscosity, 
1097. 

Las Cruces, Venezuela, crude, 877-8. 

Las Perdices Group, Colombia, 116. 
Latch jack, 605. 

Latent heat data, hydrocarbons, 1256 et 
seq. 

fusion, 1256-7. 
kerosene, 2473. 
vaporization, 1257-60, 1384. 

Laterites, 461. 

Lawndale, U.S.A., production data, 853. 
Le Chatelier test, soundness of cement, 
479. 

Lead-base greases, 2592-3. 

Lead mercaptides, 1725-6, 1728. 
pipeline coatings, 753. 
response, effect of sulphur, 303 1 . 

motor fuels, 2423-5. 

-soap lubricants, 2600. 
sulphide, plumbite process, 1726-7. 
susceptibility, 3026-7, 3030-2. 
effect of sulphur, 303 1 . 
gasoline, 3030-1. 
hydrocarbons, 3031. 

Lead tetraethyl, 2595, 2913, 2916-17, 
2923, 2929, 2952. 
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determination in gasoline, 1397, 3027-9. 
effect on knocking characteristics, 
3005-6, 3013-15. 
hydrocarbon oxidation, 3036. 
ignition temperatures, 2974, 2965. 
I^eamon process, 2115. 

Leather trade, solvents, 2464. 

Leaver mixers, 1914. 

Lee’s method of interpretation of mag- 
netic anomalies, 330. 

Leeds and Northrop: all-electric con- 
troller, 2354. 

micromax instruments, 2333 et seq. 
pyrometer, 2336. 

Lenapah, Okla., gas-drive data, 579. 
Length ratio, pipelines, 731, 732. 
Lenticular sands as factors in oil accumu- 
lation, 230 et seq. 

Lenticularity in fold fields, 219. 
Lepidocyclina, 309. 

J^eszczowate field, Poland, 182. 
Leverrierite, 461. 

Lewis and Matheson method (separation 
of hydrocarbons), 1563. 

Lewis process, carbon-black manufacture, 
2853. 

Lihusza, Poland, crude, 929. 

Light Diesel fuel, see Diesel fuel. 

Light distillates: 

hydrocarbons, 1738-42. 
hypochlorite refining, 1730-7. 
nitrogen compounds, 1716. 
oxygen compounds, 1716. 
refining processes, 1708-57. 
sulphur compounds, 1712-16. 
sulphuric acid refining, 1737-56. 
sweetening processes, 1724-30. 
zinc chloride (Lachman) process, 1756- 
7. 

Light oils, production from carburetted 
blue gas, 2520-1 . 

Lighting and heating, kerosene, 2475- 
83. 

Lightning, ignition of oil, 2379. 

Lignins, as source material, 51, 56. 
Lignite, Albania, 172. 
oils, sulphur compounds, 1044. 
tar wax, 1942. 

Lima- Indiana, stratigraphy, 72, 73. 
Limagnc-Graben depression, 195. 
Lime-base greases, 2588-90. 

Lime, use in refining, 1718-20, 1722. 
Limestones ; 

foraminiferal, 309. 
impregnated, 292, 295. 
porosity, 221, 

reservoirs, flow of oil, 559-60, 
lithological properties, 542. 
potential oil yield, 554. 
source beds, 43, 305. 

Idmits of inflammability, explosive com- 
bustion, 2876-7. 

Limmer (Germany) : 

impregnated limestone, 292. 
native asphalts and bitumen, 2710. 
d-Limonene, 972. 

Linde-Bronn process, 2042. 

Liners, pressure vessel, 2303. 

Lingwa, China, 139. 

Lining for cementing perforated casing, 
468, 471. 

Linkages (atomic) in hydrocarbons, 1357 
et seq. 
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Linseed oil, in bituminous paints, 2750. 
Lipinki Libusza field, Poland, crude 
analysis, 929. 
geology, 182. 

Liquefaction, coal, 2130-1. 

Liquefied gases, density determination, 
1139. 

petroleum gases, 1181, 2426. 

Liquid, liquids: 

asphaltic bitumens, testing, 1442. 
boiling, heat transfer, 2200-1. 
conduction of heat, 2178. 
density, 1288. 

flow across banks of pipes, &c., 2207 
et seq. 

level controllers, 2350-1. 

meters, 2346-7. 
oil shows, 291. 
phase, cracking, 2106-7. 

hydrogenation, 2149-53. 
seals, use in orifice metering, 701. 
thermometers, 2328-82. 

Litharge, use in plumbite process, 1725. 
Lithium carbide, 953. 

Idthology of cores, 502, 503. 

reservoir rocks, 221, 541. 

Livingston, U.S. A., crude, properties, 848. 
Lizard Springs (Trinidad), oil seepages, 
291. 

Llanos deposits, Venezuela, 108. 

Lobitos crude, Peru, 884. 

Location of sites for test well, 269. 
Locomotives, pulverized fuel tests, 2554. 
Logging, electrical, see Coring. 

Lok-Batan field, U.S.S.R., 159, 900, 914. 
Long Beach, California: 
crude, analysis, 853-6. 
production and proved reserves, 533. 
T^ongview, crude, properties, 847. 

Loop method (geophysical prospecting), 
349. 

Lorenco Marques, Portuguese East Africa, 
153. 

Los Angeles Basin: 
crude, analysis, 853-7. 
geology, 43, 44, 94. 

Los Bajos oilfield, Trinidad, 108. 

Lost Hills Pool, Cal., 93. 

Lothians, oil shales, 3080, 3089. 

Louisiana oilfields, 67. 

production and proved reserves, 533. 
Lovibond tintometer, 1393, 1401,1413-14. 
Low-alloy steels, for tubing, 2277-8. 
Low-heat cements, 479. 

Low-pour bright stocks, 2677. 

Low temperature: 

carbonization of coal, 3115. 
corrosion, 2319. 
effect on oils, 1118. 
insulation equipment, 2251. 
tar oils, 3113, 3117. 
hydrogenation, 2156-9. 
thiophenes, 1039. 

Lowe process, carburetted blue gas manu- 
facture, 2501 et seq. 

Lubricants : 

acid treatment, 1770 et seq. 
addition agent, 2602 et seq. 
aerated, 2649. 

analysis and testing, 1453-63, 
bright stock, 2637-8. 
carbon formation, 2619-20. 
castor oil, 2600. 
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Lubricants (cont,) 
classes, 1453-4, 1456. 
composition and properties, 820 et seq.. 

1829, 2559 et seq., 2622 et seq. 
compounded oils, 1408, 2605. 
consumption, 2609, 2611-14, 2623 etseq. 
cooling, 2611. 
corrosion, 1455. 

Diesel engines, 2642-4. 
dilution, 2484, 2625-6, 2676. 
drying oils, 2638. 
effect of dewaxing, 2673-4. 

solvent refining, 1830 et seq. 
engine testing, 2622 et seq. 
extreme pressure, 2598 et seq. 
fatty acids, 2629, 2638. 
film characteristics, 2567-8, 2570. 
coefficients, 2595. 
strength, 2602 et seq. 
friction, 2568-9, 2598. 
gear, 2M7-9. 
heat of wetting, 2570. 
high pressure, 1453 et seq. 
improved, 2602 et seq. 
interfacial tension, 2569-70, 2574. 
laboratory testing, 1407 et seq. 
lead soap, 2600. 
load-carrying ability, 2764. 
low- temperature performance, 2616- 
19, 1631-2. 

mechanical testing, 2610 et seq. 
metal fibre protection, 2574. 
oiliness, 1408, 2566, 2595, 2598 et seq., 
2608-9. 

oxidation, 1025, 1418-20, 2595 et seq., 
2607-8, 2614-16, 2674. 
oxygen absorption, 2637-8. 
paraflow treated, 2674. 
plate and slider tests, 2563. 
polar molecules, 2566 et seq. 
pour-point depression, 2675-6. 
pumping characteristics, 1618-19, 2675. 
reclamation, 1685. 
reference, in testing, 2610-11. 
refrigeration machinery, 1938-9, 2650-1 . 
sampling, 1454. 
separation, 2645-6, 2650. 
sludge formation, 2614-16. 
solidification, 2676. 
specifications, 2642, 2644, 2646, 2649. 
stabilizers, 2637-8. 
steam cylinder, 2645. 

turbine, 2646-8. 
sulphur-chloride, 2600. 
turbine, 1419-20. 
used, testing, 2622. 
viscosity, 2619. 
work factor, 2610 et seq. 

Lubricating greases, 2586 et seq. 
aluminium-base, 2592. 
emulsions, 1064. 
lead- base, 2592-3. 
lime-base, 2588-90. 
properties and testing, 2589 et seq. 
soda-base, 2590-1. 

Lubricating oils : 

California, 856. 

chemical nature, 990-2, 2576-7. 
dewaxing, 1962-5. 

from hydrogenation processes, 2140, 
2151. 

from tar oils, 3116. 

Gulf Coast, 861, 862. 
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manufacture, &c., 1469 et seq. 

Mid- Continent, 842, 849. 
oxidants and anti-oxidants, 3049-50. 
physical properties, 2578-83. 
proportions of crude, 916, 917, 2126. 
refining, 1759-68. 
shale oils, 3102. 
solvent extraction, 1875-1901. 
furfurol, 1918 23. 
phenol, 1910-14. 
synthesis, 2656-71. 
vacuum fractionation, 1651. 
viscosity, temperature relationships, 
1088, 1089. 

Lubrication : 

automobile engine requirements, 2602. 
bearings, 2559 et seq., 2595-6, 2642, 
2645-6. 

boundary, 1408, 2559 et seq., 2566, 
2568-9, 2642, 2645-6. 
chemical and physical, 2566 et seq. 
cylinder, 2635, 2639, 2642, 2644-5. 
Diesel engine, 2642-4. 
film characteristics, 1408, 1454, 2558, 
2567-8, 2598-9, 2670. 
force feed, 2642 et seq. 
friction coefficients, 2558, 2562. 
gear, 2647-9. 
grease, 2558, 2648-9. 

I.C. engines, 2634 et seq. 
mechanical, 2644-5, 
oil pressure, 2559-61. 
piston-ring, 2635, 2642. 
refrigeration machinery, 1938-9, 2649- 
51. 

seizures, 2595. 
splash, 2642, 2645, 2648. 
steam engines, 2644-7. 
temperature rise, 2560. 
tests on bearings, 2595-6. 
textile spindles, 2649. 
viscous, 2566-8. 

X-ray investigation of physico-chemical 
forces, 2570 et seq. 

Luca^esti, Transylvania, 168. 

Luchaire flash-point tester, 1415. 
Luchuan Tsechung, China, 934. 

Lucien, crude, properties, 843. 

Luling field, 252, 323, 378, 380. 
crudes, 847. 

Luminosity, slow combustion, 2868, 2869. 
Lytton Springs field (Texas), accumula- 
tion in igneous rocks, 263. 


Macadam plants, oil-fired, 2545. 
Mackenzie River Basin, Australia, 126. 
Macksburg, Ohio, gas-drive data, 579. 
MacMichael viscometer, 1072, 1099, 1114. 
Madagascar, oilfields, 152. 

Maestrichtian rocks : 

Iran and Iraq, 143. 

Tampico-Tuxpan oilfields, 102. 
Magallanes, Argentine, 120. 

Magdalena Valley, Colombia, 1 1 1 et seq. 
oil seepages, 292. 

Magmatic emanations, and origin of oil, 42. 
Magnesia blocks, insulation, 2245. 
Magnesium in oilfield waters, 647, 653. 
Magnetic birefringence, 1221. 
methods of prospecting, 319, 321, 323- 
5, 328; see also Geophysics, 
optical properties, hydrocarbons, 1220. 


Magnetometers, 332. 

Magura Nappe, Polish Carpathians, 
177. 

Magura Sandstone, Poland, 179. 

zone, Poland, 248, 250. 

Mahogany acids, 2840. 

seam (oil shales), U.S.A., 3091. 
Maidan-I-Naftun (Iran), buried struc- 
ture, 242. 

Maikop crude, 160, 900, 907, 913, 916, 
917, 2582. 

Maili Sai, U.S.S.R., 163. 

Makat field, U.S.S.R., 908, 915. 
Malakograph, Nasham’s, 1435. 

Maleic anhydride, diene compounds, 948, 
950. 

Malgobek oilfield, U.S.S.R., 160, 906, 
913. 

Manchuria, oil shales, 3081, 3092. 
Manganese, in alloy steels, 2273. 

Manilla cable, 400. 

Manjak, 293, 2711, 2726. 

Mannington, West Va., gas-drive data, 
579. 

Manometers, 1108, 1289, 1292, 2339 et 
seq. 

Mansfield Sand, Indiana, 77. 

Maps, general, 276. 
isopachous, 301. 
magnetic vector, 335, 344. 
palaeogeological, 300. 

Maracaibo, Venezuela, distribution of 
petroleum. 111. 

Marble Falls, limestone, 82. 

Marcusson open cup flash-point tester, 
1415-16. 

Marietta process, see also Gas drive, 535, 
538. 

Marine sediments and the origin of 
petroleum, 35, 42, 43. 

Marketing, natural gas, 808. 

Marls (oil), Ragusa, 191. 

Marsh gas, origin of petroleum, 34. 
Marshall, U.S.A., crude, properties, 843. 
Masjid-i-Sulaiman field, S.W. Iran, 145, 
520-1. 

limestone reservoir, 559. 

Mason-Neilan temperature controller, 
2351. 

valves, 2355. 

Matapau, New Guinea, 130. 

Match wax, 1434. 

Matter’s process, 2782. 

Maxiflo intermitter, 585 et seq. 
McBain-Bakr quartz-spiral balance, 1 290, 
1291. 

McCabe and Thiele diagram, fractionat- 
ing column, 1493-5. 

Mcllhiney bromine method, olefines in 
gasoline, 1398. 

McKee, Pa., gas-drive data, 579. 
Measurement ; 

liquid petroleum products, 678 et seq. 
oil in bulk, 713-16. 

Mechanical analysis of clays, 460. 
contactors, 1781, 1784-6, 1790-4. 
failures, tubing, 2293. 
lubricators, 2642, 2644. 
refrigeration, 1930, 1934-6. 
sprayers, 2550-2. 

Medicinal oils, 1684, 2838, 2839. 

Mekran Coast (Karachi), mud volcanoes, 
138. 
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Melting point: 
bitumen, 1438. 
greases, 2590, 2592-3. 
hydrocarbons, 1326-46. 

Mendez formation, Tampico -Tuxpan 
region, 102. 

Mendoza (Argentine) : 
crude, 881. 
oilfield, 120, 123. 

Mene del Salto, Venezuela, crude, 878. 
Mene Grande, Venezuela, crude, 876, 
877. 

Mcnelite Shales, Poland, 35, 179, 181. 
Menthadiene, 972. 

Mercaptans : 
chemistry, 1034-7. 
estimation, 1723-4. 
ethyl, 1535. 
in gasolines, 1396. 

reactions with hypochlorite, 1732, 1734. 
reactions with sulphuric acid, 1738, 
1739. 

scrubbing, 1789-90. 
Mercapto-sulphides, 1726. 

Mercier viscometer, 1107. 

Mercuric acetylide, 953. 

chloride, 1038. 

Mesitylene, 988, 2956. 

Mesozoic oilfields, stratigraphic distribu- 
tion, 61. 

Metal; Metals: 

bearings, 2569, 2603-6. 
corrosion, 2309. 
creep, 2289-90, 2297. 

-cutting oils, 2652. 
diffusivities, 2205. 
emissivities, 2206. 
fibre protection, 2574. 
oxide films, 2306 et seq. 
pipeline coatings, 753. 
plate and weld, 2302. 
polar compounds, 2572-3. 
smelting, 2538-40. 
thermal conductivity, 2204. 
tubing, 2288 et seq. 
welding, 2299. 
working oils, 2652-5, 

Metallurgy and refining, 1476. 
Metamorphism, 36, 46, 245, 247, 295. 
Metamorphosis, asphalts and bitumens, 
2761. 

Meters : 

bulk measurement, 2346. 
flow, 705, 2340-6. 
gas, 705. 

liquid-level, 2346-7. 
orifice, 688 et seq., 705. 
pressure, 2338-40. 
specific gravity, 2347-8. 
temperature, 2348-58. 

Methane : 

calorific values, 1243. 
carbon-black production, 2851. 
chemistry, 936-7, 939-40. 
chlorination, 2787-94. 
combustion, explosive, 2874-5, 2879. 
high pressure, 2884-5. 
slow, 2862-4, 2872, 2892, 2942. 
natural gas, 542. 
origin and occurrence, 47, 56. 
pyrolysis, 2002-4, 2007-12, 2030, 2045. 
reaction with COj, 2168-9. 
reaction with steam, 2165-8. 
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thennal data, 2089. 

Methanol, 2411, 2451-2. 
blending agents, 2823-4. 
solubility relationships, 2822-3. 
synthesis from water gas, 2134, 2812- 
16. 

Methicol, 1812-14. 

Methyl alcohol, calorific values, 1243. 
gaseous volumes, 1244. 
water gas, 2812-16. 

Methylallene, 952. 

Methyl bromide, fire-extinguishing medi- 
um, 2384. 

Methylbutadienes, polymerization, 963. 

Methylbutenes, polymerization, 2666-7. 

Methyl chloride, refrigerant, 2650-1. 

Methyl cyclopentane, 988. 

Methyldichlorostearate, 2568 et seq., 
2603 et seq. 

Methyl mercaptan, 1036, 1037. 

Methylstcai ite, 2573. 

Methylstyrenes, 980. 

Methyl sulphide, 1038. 

Mexia fault zone, 85. 
hydrocarbons, 987. 
pool, 87. 

Mexico : 

accumulation in igneous rocks, 261. 

crude oil, 869-75. 

distillates, 1915, 1923. 

grahamite, 2725. 

natural gas, 875. 

production, 533. 

salt masses, 257. 

Miami Co., Kans., gas-drive data, 579. 

Micaceous halloysite, 461. 

Micas, 462. 

Michie sludging test, lubricating oils, 
1420. 

Michigan Basin Province, 66, 74. 
gasoline, analyses, 2125. 

Micro-fractionating columns, 1641. 

Micromagnetics, 342. 

Micro-organisms, and the origin of oil, 54. 

Micropalaeontology, 271, 309. 

Microscopic examination of sand grains, 
199. 

oil shales, 3082. 
waxes, 1955. 

Mid-Continent: 
asphalts, 842, 850. 
crude oils, 840 et seq., 1214, 2416. 
distillates, 1906, 1915, 1921, 2141. 
geology, 66 et seq. 
lubricating oils, 842, 849. 
petroleum coke, 2774-5. 
reduced crude cracking, 2108, 2111, 
residuum, 1968-71. 
stocks, phenol extraction, 1912. 
wax, 1941-2. 

Midway-Maricopa, Cal.: 
crude, analyses, 853-7. 
thiophene content, 1040. 

Midway-Sunset field, 93, 94, 303, 533. 

Migration (palaeontology), 306. 

Migration of oil, 42, 60, 68, 209, 236, 244, 
252, 254, 294, 297. 

Mikovd (Czechoslovakia), crude oil, 931. 

Mineral, Minerals: 
correlation, 312. 
drilling muds, 458. 
oils, conversion to bitumen, 2762. 
organic, 46. 


seal oil, testing, 1401-4. 
wax, 293, 295, 2584. 

Mineralogical alterations, and pressure 
changes, 228. 
constitution of clays, 460. 

Mining, asphalt, 640-3. 
oil, 554, 637-9. 

Mintrop method, seismic prospecting, 
382. 

Miocene rocks: 

Albania, 172. 

Assam and Burma, 133. 

Caucasus, 155, 160, 161, 162. 

Colombia, 114, 116. 

Czechoslovakia, 175, 176. 

East Indian Archipelago, 131. 

Egypt, 151. 

Iran and Iraq, 143. 

Italy, 189, 192. 

Maracaibo, 114, 116. 

Polish Carpathians, 179. 
Tampico-Tuxpan oilfields, 103. 
Trinidad, 106. 

U.S.A., 68, 85, 93. 

Venezuela, 107. 

Miri, Borneo oil, 888, 889, 987. 

Mirzaani field, U.S.S.R., 904. 

Misener oil sand, 79. 

Misoa-Trujillo formation, Maracaibo 
Basin, 1 14. 

Mississippi Gas Pool, 74. 

Mississippian rocks, Canada, 96. 

U.S.A., 66 et seq. 

Missouri, black shales, 3081. 

Mist, crude-oil, entrainment, 613, 614. 
Mixed-phase cracking, 2106, 2107. 

Mixer efficiency in sol vent- refining, 1862. 
Mixers, acid treatment, 1776. 

asphaltic bitumen manufacture, 1862. 
see also Contactors. 

Mixing index, 1793. 

Mixtures (hydrocarbon), analysis of, 
1220, 1375. 

Moelme salt-mass, Germany, 187. 
Moinesti field, Transylvania, 168. 

Mokre crude, Poland, 929. 

Molal average boiling-point, 1274 et seq. 
Molecular distillation, 2594. 

refractivity, hydrocarbons, 1173. 
regimentation, 2568, 2573 et seq. 
stills, 1632, 1653, 1655. 
structure, hydrocarbons, 1349. 
volumes, hydrocarbons, 1172. 
weights, asphalts, 2718-19. 

petroleum fractions, 1295, 1381, 
Mollier charts, 1934. 

Molybdenum : 

alloys, 2259, 2273 et seq. 
petroleum ash, 1055. 

Monagas oilfields, Trinidad, 106. 
Monoethanolamine, Girbotol process, 
1812. 

Monomethylheptanes, physical constants, 
1350, 1351. 

Monomethylhexenes, physical constants 
of, 1350, 1351. 

Mono-olefines : 

elimination reactions, 941-2. 
in light distillates, 1710-11. 
isomerization, 942. 
properties, 942-7. 
pyrolysis, 946-7. 

Monroe gasfield, U.S.A., 886. 
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Montan wax, 47, 51, 2584. 

Montana, oil shales, 3081. 

Montebello, crude, analyses, 853-6. 
Montechino (Italy) oil shows, 189. 
Monterey shales, California, 35, 3092. 
Monti vedeo crude oil, Ecuador, 885, 
Montmorillonite, 461, 1699. 
Moore-Burma chiller, 1956. 

Moore ignition meter, 2970. 

values for pure compounds, 2974. 
Moravian Neogene embayment, Czecho- 
slovakia, 175. 

Moreni, Roumania, crude, 920. 

Morocco (French and Spanish) geology 
and crude oils, 152, 933. 

Moruga formation, Trinidad, 106. 

Mosa crude oil, Canada, 866. 

‘Mosaic* air photographs, 288. 

Motalin, 3045. 

Motor, Motors: 

control, 671, 2355, 2368. 
cooling, 673. 
drilling, 670-2. 

fuels, 1471, 2395, 2401, 2407, 2520-1; 

see also Gasolines, &c. 
pumping, 672-3. 
registrations, 2408. 
shipping, 2393. 
synchronous, 2367-8. 

Mottling, candles, 2687. 

Moulded products, 1961, 2679, 2850. 
Mount Poso, crude, analyses, 853-6. 
Mountain view, crude, analyses, 853-5. 
Mud, muds: 
coring with, 505. 
fluids, 448 et seq. 
mechanical treatment, 458. 
pumps, 671-2. 
rotary drilling: 

brine dilution, 416. 
control, 415-17. 
gas-cutting, 416. 
heaving shale control, 417-18. 
lost circulation, 416. 
pumps, 410. 

temperature problems, 416-17. 
see also Drilling, 
sieve analyses, 449. 

volcanoes, 60, 135, 138, 155 et seq., 254, 
291, 298, 2713. 
gases, 1501. 

Muddows, 298. 

Muenster Ridge, Texas, 378. 
Multiple-stage : 

cementing, 467 et seq. 
compression, 1934-6. 

Multiplying gauges, 2340. 

Murray Basin, S. Australia, 128. 

Murree sandstones, N.W. India, 138. 
Muskegon field, Michigan, 75, 224. 
‘Mussel-band* shales, 3090. 

Myrccne, 960. 


Nacatoch sand. Ark., 86. 

Nacona crude, hydrogenatiqn, 2146. 
Nades field, Transylvania, 168. 
Naft-i-Shah field, Iraq, 145, 147, 148. 
Naft Khaneh field, Iraq, 145, 147, 148. 
Naparima, Trinidad, 106. 

Naphthas : 

Baku, 1181. 

cracked, 1665, 1798-803. 
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crude, 1799. 
hydrogenation, 2146-8. 
natural, 1177. 
reforming, 2108 et seq. 
special, 1662-9. 
wax solubility, 1947. 
see also Gasolines. 

Naphtalan field, U.S.S.R., 903. 
Naphthalenes: 

chemistry, 981, 982. 
coal tar, 3125. 

from lower hydrocarbons, 2010-11, 
2014. 

Naphthenes; 
alkylation, 2137 
chemistry, 967 et seq., 986-7. 
dehydrogenation, 2119-21, 2136-7. 
furfural refining, 1922. 
in cracked gasolines, 997-8. 
in gasolines, 1399, 2125. 
in light distillates, 1708, 1709. 
in lubricating oils, 1760, 1761, 2576. 
in white oils, 2838. 
isomerization, 2121. 
knocking characteristics, 3008-10, 3012, 
3020-2. 

lead susceptibility, 303 1 . 
reaction with sulphuric acid, 1741, 
2764. 

slow oxidation, 2944. 

Naphthenic acids; 

chemistry 49, 653, 1007-15. 
in lubricating oil, 1761, 1766, 1768. 
reactions with sulphur, 1033, 1034. 
U.S.S.R., 903-4. 

o-Naphthol, gasoline oxidation inhibitor, 
1024, 1026. 

/3-Naphthol, lubricating oil stabilizer, 
2637-8. 

Nasham’s Malakograph, 1435. 

Nashville Dome, U.S.A., 73. 

Natal, oil shales, 3092. 

Natron test, kerosene, 2481. 

Native asphalts and bitumens, 21, 29, 
2710. 

Natural gas, 32, 47, 294, 704. 
analysis, absorption, 1524-5. 
combustion, 1525-6. 
physical, 1526-30. 
well, 1502-9, 1512, 1518. 
carbon oxides, 1525. 
chemical composition, 1524-32. 
crude, association, 542-3, 552-3, 559- 
60, 562-3. 

expulsion from reservoirs, 543-4. 
gas drive, 579-80. 
gasoline content, 2418. 
glycols, 2781-6. 
helium, 1511, 1516. 
hydrogen, 1525-6, 2139. 
migration, 543. 
recovery, 579-80, 1483 et seq. 
reforming, 1503. 
solubility, 542-3. 
sulphur removal, 1804-15. 
transportation, 804 et seq. 
types, 1484. 

world production, 21, 28. 

Natural gasoline, 1534. 

Natural waxes, see Mineral Waxes. 
Nebitdag field, U.S.S.R., 911, 915. 
Needle valves, single-seated, 2356. 

Ncf dissociation hypothesis, 2016, 2017. 


Neftc-Chala, U.S.S.R., 160. 

Neftc-Dag oilfield, U.S.S.R., 163. 

Neftianaia-Shirvanskaia, U.S.S.R., 160, 
161. 

Negative temperature coefficient, 2868, 
2869. 

Nekton, 307. 

Nemaha granite ridge, 78, 79, 241, 339. 

Ncogenc oil, Albania, 172. 
embayment, Moravian, 175. 
sediments : 

New Guinea, 130. 

U.S.S.R., 164. 

Neo-pentane, pyrolysis, 1994, 1995. 

Neoprene, 955. 

Neuguen Province (Argentine): 
crude oil, 881. 
grahamite, 2725. 
oilfield, 120, 123. 

Neutral oils, clay treatment, 1683-4. 

Nevada, oil shales, 3081. 

New Albany, oil shale, 3091. 

New Brunswick, oil shale, 46, 47, 3080, 
3092. 

petroleum, 96. 

Stony Creek field, 866. 

New Guinea, distribution of petroleum, 
130. 

New Mexico, production and proved 
reserves, 533. 

New South Wales, oil shales, 3081, 3090. 

New York, black shales, 3081. 
production, 72, 533. 
stratigraphy, 69. 

Newport, crude, analyses, 856, 857. 

News-inks, 1065. 

Newtonian liquids, 734-5. 
shear-stress curves, 735. 

Niagara Peninsula, 96. 

Nickel: 

alloys, 2258, 2262, 2271, 2288, 2289. 
catalyst, 936, 939, 943-4, 949, 973-4, 
979, 981-2, 2057, 2126, 2134. 
petroleum ash, 1054-5. 

Nienhagen field (Germany) : 
crudes, 930. 
distillates, 1923. 
geology, 186. 

Night-lights, 2688. 

Niitsu crude, Japan, 887. 

Nippoldt’s method of magnetic anomalies, 
330. 

Nitraffin, 1904 seq. 

Nitrate, estimation in oilfield waters, 651 . 

Nitration : 
aromatics, 1399. 
paraffins, 939. 

Nitrene, 1904 seq. 

Nitriles, hydrogenation, 2134. 

Nitrobenzene: 
cryoscopic solvent, 1296. 
solvent extraction, 1904-9. 

Nitrogen, natural gas, 1504. 

Nitrogen compounds : 
cracked distillates, 996. 
kerosenes, 1888, 2472. 
light distillates, 1716. 
lubricating oils, 2577. 
petroleum distillates, 1047-52. 
shale oil, 3087. 3100. 

Nitrogen oxides: 
formed in engines, 2921, 2922. 
petroleum oxidants, 3051. 



Nitroso-chlorides, 944, 950. 

Niuhuachi, China, 139. 

Nomenclature: 
bitumens, 15-17. 
crude oil, 4, 5, 6. 
petroleum products, 7-14. 
Non-Newtonian liquids, flow, 734-9. 
Nonacosane, examination by X-ray 
method, 1203-4. 

Nonanes, physical properties, 937. 
Nonene, 943. 

North America, foredeep oil-pools, 64. 
Nova Scotia, oil shale, 3080, 3081, 3092. 
Nowata Pool (Oklahoma), 303, 579. 

Null type potentiometer recorder, 2349. 
Nullarbor Plain, Australia, 128. 
Nummulites, 309. 

Nusselt Group, 2198, 2199. 

Nutov field, U.S.S.R., 912. 


Oberg field, Germany, 186. 

Ochiuri field (Roumania), hydrocarbons, 
169, 920. 

Ocimene, 960. 

Octane; Octanes: 
numbers : 

blending, 3015, 

correlations, 2912, 3055, 3066-71. 
determinations, 3058-65. 
gasolines, 2125, 3057-65. 
lead response, 2423-5. 
relation to cracking, 2117. 
relation to Reid vapour-pressure, 
2423-4. 

see also Iso-octane, 
physical properties, 937, 1350, 1351. 
rating, see Anti-knock, 
slow combu.stion, 2868-9. 

Octenes : 

chemistry, 943. 
polymerization, 2666-7. 

7i-Octyl mercaptan, 1037. 

Oedesse salt-stock, Germany, 187. 
Oelheim-Eddesse Field, Germany, 186. 
Oelsburg salt-stock, 187. 

Off-shore bars, 230, 232. 

Ohio: 

Clinton Sands, 234. 
gas-drive data, 579-80. 
oil shales, 3081-91. 
production, 72. 
stratigraphy, 69. 

Oil and gas in United States, 66-95. 
Oildag, 1064. 

Oilfield waters, 297. 

analyses, 646, 653. 

Oilfields in folded rocks, 247. 
tectonic belts, 244. 
see also individual localities. 

Oil-fired shipping, tonnage, 2393. 

Oil gas : 

general, 1501-19. 

production of glycols, &c., 2781-6. 
Oil-gas mixtures, stage separation, 606 
et seq. 

Oil gels, 2556. 

Oil-impregnated paper cables, 1364. 
Oiliness, 1060, 2598 et seq., 2608-9. 
lubricants, 1408, 2562, 2566, 2568, 
2629-30, 2634. 
paraffin waxes, 2674. 

Oil-savers, Guiberson, casing, 422. 
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Oil shales, 32, 46. 

Estonian, 3107-12. 
geology, 3080, 3089. 

Scottish, 309^3106. 
world production, 21, 28. 

Springs crude oil, Canada, 866. 
storage containers, electrical protec- 
tion, 2378. 

-water, interface, 568. 
level, 523, 539. 

Okha field, U.S.S.R., 912, 915. 

Oklahoma : 
asphalts, 2721. 
crude, properties, 843. 
gas-drive data, 578-80, 587. 
gas-oil ratio, 606. 
gasoline analyses, 2125. 
oilfields, 67, 79, 82, 242-3, 300, 337. 
production, 80, 533. 
residuum, 1906, 1925. 
steam dri'^ing tests, 658. 

Oldham, Tex: 

crude, properties, 845. 
gas-drive data, 579. 

Olefine; Olefines: 

acetylenes, 954, 965-6. 
allcnes, 952. 
benzenes, 980. 
chemistry, 941-52. 
condensation, 1742-3, 2660-1. 
conversion to: 
alcohols, 2805-11. 
glycols, &c., 2781-6. 
naphthenes, 2096, 2122. 
cracked distillates, 997-8, 1798, 1800. 
cyclic, 970, 1712. 
frequency shifts, 1208. 
gasoline, 1398, 1399, 2125. 
halogenation, 2777-82. 
hydration, 2802. 

knocking characteristics, 3007-8, 3012, 
3017. 

lead su'oceptibility, 303 1 . 
light distillates, 1709-12. 
lubricating oils, 1761. 
natural gas, 1530-2. 
physical constants, 1350 et seq. 
polymerization, 5 1 , 2137, 2658-9, 2664- 
7, 2848-9. 

pyrolysis, 946-7, 1997-2000, 2004-5, 
2019-28, 2050-3, 2101-2. 
resins, 2848, 2849. 
slow oxidation, 2871, 2944. 
sulphuric acid reactions, 1743-9. 
thermal data, 2091. 

Olefinic gases derived from petroleum, 
2030-44, 2459. 

Oleic acid, 2603 et seq. 

Oleil hydroxy-stearic acid, 623. 
Oleo-resins, as oil source material, 51. 
Oleum for acid treatment, 1772. 

Oliensis spot test for asphalt, 1440, 2731, 
2732. 

Oligocene rocks: 

Albania, 172. 

Assam and Burma, 133. 

Caucasus, 155, 160, 161, 162. 
Colombia, 114, 115. 

Ecuador, 118. 

France, 195. 

India (N.W.), 138. 

Iran and Iraq, 143. 

Italy, 189, 192. 
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Maracaibo Basin, 114, 115. 

Polish Carpathians, 179. 
Tampico-Tiixpan oilfields, 103. 
Trinidad, 106. 

U.S.A. 68, 85, 93. 

Venezuela, 107. 

Olney, Tex., pressure restoration, 578, 
579. 

Omo (Japan), crude, 886, 

Onondaga limestone, 7 1 . 

Ontario, petroleum from, 96. 

Opalescence, critical, 1271. 

Open-hearth melting furnaces, oil-fired, 
2540. 

Open-pan method, grease manufacture, 
2589. 

Optical activity, 49, 1216, 1347. 

(magnetic) properties of hydrocarbons, 

1220 . 

pyrometers, 2337-8. 

Orbit oides, 309. 

Orbitolina^ 309. 

Ordovician : 

oil (general distribution), 61. 
rocks : 

Australia, 124. 

Canada, 96. 

Iran and Iraq, 142. 

U.S.A. , 66 et seq. 

Organic acidity, lubricating oils, 1422-3. 
minerals, 46. 
sediments, 36, 42, 230. 

Organisms and the origin of petroleum, 
58 et seq. 

Organo-metallic dopes, lubricant oxida- 
tion inhibitors, 2595-6. 

Orifice meters, 688 et seq., 705, 759, 
766, 2340-4. 

Origin of : 

petroleum, 32, 39, 58, 269, 1218. 
chemical and geochemical aspects, 
46. 

thermodynamics, 2096-7. 
pressure in oil pools, 224. 

Oriskany Sand, U.S.A., 71. 

Orocual Wells, E. Venezuela, 110. 
Orogenetic movements. New Guinea, 
130. 

Orsk, U.S.S.R., 164. 

Orthophosphoric acid, catalyst, 2064-8. 
Osborne-Stimson-Sligh flow calorimeter, 
1230. 

Osterstrom process, cracked gasoline 
treatment, 1693-4, 1696-7. 

Ostwald curve for liquids, 736. 
pycnometers, 1138. 
viscometers, 1072, 1074, 1099, 1411. 
Otis drilling head, 420. 

Ouachita-Amarillo Province, 80. 

Outcrop maps, 276. 

Oven cokes, analyses, 2774. 
oil-fired, 2544-5. 

Overall heat transfer coefficient, 2192. 
Overheating, paraffin wax, 2680, 2683. 
Overlaps, photographic, 285. 

Overload protection, 2368. 

Overthrusts, 245, 248. 

Oxford (Kansas) oilfield, buried anti- 
cline, 241 . 

Oxidants, in the petroleum industry, 
3033-53. 

Oxidation : 

gasoline, 1016 et seq. 
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Oxidation, gasoline (cont.). 
gum formation, 1016-19. 
induction period, 1019, 1025, 
peroxides, 1018. 
test, accelerated, 1019, 1022. 
hydrocarbons : 

chemistry, 1028-32. 
induction period, 3037. 
inhibitors, 1019, 1024-6, 2595 et seq. 
lubricants, 1418-20, 2595 et seq., 2601, 
2607-8, 2614-16, 2622-3, 2634-8, 
2642, 2646, 2671, 2674. 
tests, 1408, 1418-20. 
oils, 1025, 1364. 
parafHns, 938. 
petroleum, 3050-2. 
pressure, 1419. 

slow, of hydrocarbons, 2917-18, 2937- 
56. 

stability tests, lubricants, 2607-8. 
transformer oils, 1443 et seq. 
white oils, 1025, 3839. 

Oxide films, metal, 2306 et seq. 

Oximes, hydrogenation, 2134. 
Oxy-compounds : 
chemistry, 1007-15. 
in light distillates, 1716. 
in lubricating oils, 1761. 

Oxygen : 

absorption by lubricating oils, 2637-8. 
light Diesel fuels, 2490. 
natural gas, 1525. 
pipeline corrosion, 748. 

Ozokerite, 47, 1 77, 1 8 1 , 293, 295, 992, 2584. 
Ozone : 

as oxidant, 1031, 1032, 3033, 3051. 
pro-knock agent, 2929. 

Ozonides, 944, 951, 979, 982. 


Pachino (Sicily), asphaltic oil, 191. 

Pacific Coast oil gas, 2511-14, 2517. 

Pacific geosyncline province, 68, 93. 

Padaukpin field, Burma, 135. 

Pahsien, China, 934. 

Pahtos oil pool, Albania, 172. 

Paints : 

bituminous, 2747 et seq. 
corrosion protection, 2313-14. 
cmissivity, 2206. 
evaporation losses, 834 et seq. 
tank, 831-2. 
thinners, 1400-1, 2464. 
water, 2754. 

Palaeogene oil shows, Albania, 172. 

Palaeogeology, application to petroleum 
geology, 300. 

Palaeontology, 306. 
micro-, 309. 

Palaeozoic oilfields, stratigraphic dis- 
tribution, 61. 

Palagonia (Sicily), oil occurrences, 191. 

Palladium catalyst, 936, 943, 949. 

Palmitic acid, 2562, 25M, 

Palo Seco (Trinidad), crude, 879. 
oilfield, 106, 108. 

Pangkalan Brandan, Sumatra, crudes, 889, 
890. 

Panhandle, Texas: 
geology, 81-2, 241. 
petroleum coke, 2774. 

Pannonian Neogene embayment, Czecho- 
slovakia, 176. 


Panuco, Mexico, crude, 1039. 

geology, 100-1. 

Para-cymene, 2823. 

Paraffinicity, 1378, 1430. 

Paraffins : 

alkylation, 2137. 

chemistry, 936-41, 986-7, 989-90. 
chlorination, 939, 2787-94. 
cracked gasolines, 991. 
crude oils, 48. 

dehydrogenation, 2119-21, 2134. 
gases, 2459. 
gasolines, 1399, 2125. 
isomerization, 936, 2121. 
knocking characteristics, 3006-10, 3016. 
lead susceptibility, 3031. 
light distillates, 1708-9. 
lubricating oils, 1760, 2576. 
natural gas, 1526. 
olefinic union, 2003-4. 
pressure-temperature relations, 1263-9. 
properties, 936-41, 1349. 
pyrolysis, 940, 1994-7, 2033-44, 2099- 
2101, 2104-5. 
shale oil, 1942. 
slow combustion, 2942. 
solvent extraction, 1906-7. 
spectographic and X-ray examination, 
1196-1215. 

spontaneous ignition temperatures, 
2974. 

sulphuric acid reactions, 1710-1 1, 2764. 
synthetic, 1942. 

thermal properties, 1357 et seq., 2091. 
viscosity-temperature relations, 1083. 
Paraffinum, 994. 

Paraffin wax : 
chemistry, 992-4. 
crystallization, 2573, 2676-7. 

Diesel fuels, 2491. 
gelatination, 1065. 

lubricating oils, 1421-2, 1463, 1759, 
1760, 2668-70. 

physical properties, 1187, 1191, 2584, 
2674. 

separation of components, 1203. 
shale oil, 3102. 
state of solution, 1057-8. 
sulphur reaction, 1034. 
vapour-phase cracking, 2117. 

Paraflow, 1763, 1943, 2763-8, 2792. 
Para-indene, 1750. 

Parker pool (Illinois), dune sands, 231. 
Parrylands, Trinidad, crude, 879. 
geology, 107. 

Pascov field, Roumania, 169. 

Pasieezna field, Poland, 181. 
sandstone, 179. 

Paso Real oilfield, Mexico, 100. 

Paszowa field, Poland, 182. 

Patemo (Sicily), oil occurrences, 191. 
Pauji shale, Maracaibo Basin, 115. 
Pavement construction, use of asphalts, 
2728, 2739, 2742 et seq. 
Pechelbronn, France: 
drainage of oil, 673-9. 
geology, 64, 188, 193. 
oil mining, 554. 
spirit spectra, 1214. 
ultimate recovery through wells, 549. 
Pedernales wells, E. Venezuela, 110. 
Pegu Beds, Burma, 133. 

Pendulum method (geophysics), 323, 369. 


Penetration, bitvimen, 1438-9, 2584, 2690. 
drilling fluids, 450. 

Penetrometers, 1106, 1437, 2592. 

Pennsylvania : 
black shales, 3081 
crude : 

hydrocarbons, 987-9. 
nitrogen content, 1047. 
optical activity, 1216. 
viscosity, 1091 et seq. 
gas-drive data, 579-80. 
gasoline analyses, 2125. 
lubricating oils, 1762, 2664. 
refractive indices, 2582. 
solvent extraction, 1908-9, 1915, 
1922, 1926. 
oilfields, 71, 234, 237. 
petroleum coke, 2774-5. 
production, 533. 
stratigraphy, 67-9. 

Pensky Marten flash-point tester, 1415. 

Pentacetate, 2798. 

Pentachloroethane, 2603 et seq. 

Pentadienes, by pyrolysis, 2002. 

Pcntalarm, 2798. 

Pcntamethylene sulphide, 1038. 

Pentanes : 

blending agent, 2426. 
calorific values, 1243. 
chemistry, 937. 

combustion, 2868, 2880, 2886. 
condensation, 1490. 
derived chemicals, 2795-2801. 
ignition, 2961. 
lead susceptibility, 3031. 
liquefied gas, 1535. 
oxidation, 2943, 2953. 
petroleum products, 819. 
physical properties, 1243-4. 

Pentasol, 2798. 

Pentenes : 

chemistry, 943, 946-7. 
lead susceptibility, 3031. 
oxidation, 2953. 
polymerization, 2061, 2666-7. 
sulphuric acid reaction, 1746-7. 

Peptization, 453, 2555-6. 

Perbenzoic acid reaction, olefines, 997. 

Percolation treatment of mineral oils, 
1679 et seq. 

Percussion-tool : 
coring, 441-2, 506. 
drilling, 400-5. 

Perforated casing, cementing, 468-71. 
plugging back, 475. 

Perfume extraction, solvents, 2462. 

Peridineans, cellulosic content, 44. 

Perkins method, see Halliburton-Perkins. 

Perm, West Urals: 
crude, 1040. 
geology, 164. 

Permeability : 

core samples, 504. 
measurements, 354. 
relation to faulting, 252-3. 
reservoir rocks, 198, 536-7, 553-4, 
572-3. 

Permeameter, 198. 

Permian Basin folds, West Texas, 242. 
oil, general distribution, 61. 
rocks : 

Argentine, 122. ^ 

Iran and Iraq, 142. 
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Permian Basin folds, rocks (cont.) 
U.S.A., 67 et seq. 

U.S.S.R., 164. 

Peroxides : 

and autoxidation, 1018, 3040-2. 
cracked gasolines, 1003-5. 
gasolines, 1711, 1712. 
hydrocarbon combustion, 2870-3, 
2919-21. 

Persia, see Iran. 

Persian Gulf, Mio-Pliocene rocks, 145. 
Peru: 

crude oils, 884. 
gas-lift practice, 586. 
production, 533. 

Perylene, 984. 

Pescara Basin, Italy, oil and gas shows, 
189. 

Petrol fires, relation to aircraft, 2383. 

pumps, 782. 

Petrolatum, 1941-2. 
chemistry. 992-4. 
decolorization, 1685. 
lubricants, 1463. 

Petrolatum album, 994. 

Petrolatum liquidum, 2838, 2839. 
Petrolenes, 16. 

Petroleum : 

coke, 2126, 2127. 
hydrogenation, 2139-48. 
jelly, 994. 
pitches, 2584. 
source beds, 42. 
tars, 2584. 

Petrolia crude, Ontario, 866. 

Colombia, 884. 

field, Texas, repressuring, 579. 
Petroliferous provinces, 63. 

Phcllandrene, 972. 

Phenanthrene group, 983. 

Phenolate process, 1807-9. 

Phenols : 

coal tar, 3125. 
cracked distillates, 996. 
crude oil, 1007. 
light distillates, 1716. 
oxidation inhibitors, 1024-6. 
shale oils, 3099, 3110. 
solvent extraction process, 1851-2, 
1857-9, 1897, 1899, 1910-14. 
Phenylacetylenes, 954, 980. 
Thlobaphenes*, 56. 

Phosphoric acid catalyst, 941, 942, 944, 
2004, 2025, 2062-9. 

Photography, air, 284. 

Picene, 984. 

Piezometer, 698, 1290, 2344. 

Piling : 

in dock construction, 786-8. 
in tank foundations, 789. 

Pinacolyl alcohol, 942. 

Pinane, 973. 

Pinenes : 

chemistry, 975. 
polymerization, 1062. 

Pinking, see Knocking. 

in I.C. engines, 2927-36. 

)5-Pinolene, 974. 

Pintsch gas, 2459. 

retort, 3107. 

Pipe; Pipes; 
drilling, 411. 
flow, 737-9, 2344-5. 


heat transfer, 2193-6. 
insulation, 2249, 2253. 
joints, 808-9. 

stills, 1467, 1589et8eq., 1664-5, 2691-7. 
terminal, 789-80. 

Pipelines : 

bridges, 759, 762-3. 
buried, 740-6. 
calibration, 715. 
cleaning, 816-17. 
coating, 702-3. 

corrosion, 747-52, 767-8, 809, 817. 
crude, gathering system, 813, 816. 
design, 806-7, 809. 
fluid flow, 718 ct seq., 804-6. 
gas, 804 et seq., 1538. 
inspection, 770-1. 

Iraq, 745-6. 
laying, 763. 

modern practice, 758-72. 
parallel, 73^-2. 
protection, 752-6. 
pumps, 673, 818. 
salvaging, 761-2. 
sampling, 716. 
surveys, 809. 
tapping, 771-2. 
welding, 7o3-4, 767, 809. 

Piperylene, 948-50. 
dimerides, 961. 

Pirelli hollow-cored cable, 1447. 

Pirsagat oil well, U.S.S.R., 160. 

Piscuri, Roumania: 
crude, 920. 
oilfield, 169. 

Piston : 

blockage of drain-holes, 2638, 2640. 
seizure, 2635. 
wear, 2632, 2641. 

Piston-ring : 
gumming, 2637. 
lubrication, 2635, 2642. 
protection, 2607. 
pumping action, 2639. 
seal, 2642. 
side clearance, 2641. 
sticking, 2616, 2628-9, 2635. 
wear, 2606-7, 2620, 2642. 

Pitch : 

coal tar, 3124, 3126. 
physical properties, 2584, 1 1 39. 

Pitch Lake, Bermudez, 2711. 

Trinidad, 106, 292, 640, 2712. 

Pitot Tube, 710, 2344. 

Pitting, gear teeth, 2601. 

pipelines, 747 ct seq. 

‘Plait-point’ (vapour pressure), 1293. 
Plankton, 43, 58, 307. 

Plant resins, 1218. 

Plasticity, 1101, 1106. 
pseudo-, 1125. 
waxes, 1435. 

Plastometer, 1107. 

Platinum, catalyst, 936, 943, 949. 

Playa del Rey (Venice), crude, analyses, 
853-7. 

Plaza Huincul, Argentina : 
crude, 881. 
gas-lift practice, 586. 
geology, 121. 

Pleasa field, Roumania, 169. 

Pleistocene rocks : 

India (N.W.), 138. 


Tampico-Tdxpan oilfields, 103. 
Trinidad, 106. 

U.S.A., 85, 93. 

Venezuela, 107. 

Pliocene rocks: 

Albania, 172. 

Assam and Burma, 133. 

Caucasus, 155 et seq. 

Colombia, 114, 116, 117. 

East Indian Archipelago, 131. 

Egypt, 151. 

Iran and Iraq, 144. 

Italy, 189, 191. 

Maracaibo Basin, 114, 116. 

Roumania, 167 et seq. 

U.S.A., 68, 85, 93. 

Plug, cementing, 464 et seq. 

Plugging-back ; 

water sands, 573-5. 
with cement, 472-5. 

Plumbite process: 

cracked distillates, 1727. 
effect on knock ratings, 1727. 
gasolines, 1396. 

recovery of spent plumbite, 1727-30. 
Plunger lift, Hughes, 587. 
pumps, 590-5. 

Podbielniak apparatus, 1527-9, 1647. 
Podenzano (Italy), oil shows, 189. 

Point Fortin oilfield, Trinidad, 108. 

Poise, unit of absolute viscosity, 1071. 
Poiseuille’s equation, 720, 1071. 

law, viscous flow, 1954. 

Poland : 

crudes, 922-9. 
distribution petroleum, 177. 
motor fuel supplies, 2413. 
natural gas analyses, 1506-7. 
oilfields (geology), 248. 

Polanica Beds, Poland, 179, 181, 182. 
Polar compounds, 2572-3. 

molecules, 2562 et seq. 

Polarization : 
specific, 1362-3. 
spontaneous, 317. 

Pole-Stool, see Percussion-tool. 

Polishes, paraftin-wax, 2684. 

Polycyclic hydrocarbons : 
saturated, 972-5. 
unsaturated, 975 ct seq. 

Polyenes, see Polyolefines. 
Poly-hydrogenation, 2138. 

Polyindenes, 959, 960. 

Poly isobutenes, 2829-32. 

Polymerization : 
bitumen, 2762. 
butyl alcohol, 2834-5. 
cracked gases, 2117. 
cracked gasolines, 1695-6, 1799-1800. 
olefines, 955-7, 1062, 1753-4, 2003-5, 
2049-53, 2117,2134,2137, 2664-71. 
pinene, 1062. 

products, 1753-4, 2021-4, 2664-71. 

resins, 1062. 

sludge formation, 2635. 

Polymethylene sulphides, 1039. 
Polynaphthenes, 975. 

Polyolefines, 947-51, 971. 

Polyphase flows, analytical treatment, 
206. 

Polystyrene, 966. 

Polysulphides, in light distillates, 1713, 
1715, 1722, 1726-30, 1739. 
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Ponca City, Okla. 
crude, 988-9. 
gas-drive data, 579. 

Pondera field, U.S.A., 92. 

Pontotoc formation, U.S.A., 81. 

Popiele Beds, Poland, 179, 181. 
Porcellanites, Ecuador, 119. 

Porosity, 68, 104, 236, 241, 304-5. 

Asmari Limestone, 148. 
core samples, 504. 
faulting, 252-3. 
production rate, 548. 
reservoir rocks, 220, 536-7. 
sands and sandstones, 541. 

Porphyrins, chlorophyll, 49. 

Portland cement, 463 et seq., 476, 2545. 
Portuguese East Africa, 153. 

Posen, Poland, 177. 

Poso Series, Colombia, 115. 
Potash-bearing clays, 462. 

Potassium in oilfield waters, 648, 653. 
Potatoes, industrial alcohol, 2452. 
Potentiometers, 317, 2336-7, 2349. 

Potok crude, Poland, 923. 

Potrero del Llano oilfield, Mexico, 100. 
Potrero field, California, production data, 
853. 

Pouillet*s colour scale, 2184. 

Pour-point: 

dewaxed oils, 1947. 

Diesel fuels, 2497. 
fuel oils, 1429. 
gas oil, 1405. 

lubricating oils, 1405, 1407, 1412-13, 
2632, 2676-7. 

Poverty Hill, Pa., gas-drive data, 579. 
Powell Pool, Texas: 
geology, 87. 
recovery, 554. 

Power: 

consumption, oil burners, 2530-1. 

electric, 670 et seq., 812, 2362 et seq. 

factors, 1448-51, 2368. 

generation plants, design, 2362-5. 

refining, 2372-4. 

stations, 2365. 

steam, 401. 

Power kerosene, 2483-4. 

vaporizing oil, 1401. 

Poza Rica oilfield, 100. 

Pozzolana cement, 476 et seq. 

Prahova, Roumania, 169. 

Pre-Cambrian rocks, U.S.A., 81. 
Precipitation number, lubricants, 1421, 
1455. 

Pre-ignition and detonation, 3075. 
Premier colloid mill, 2706. 

Presses, filter, 1762, 1956. 

Pressing oils, 2653. 

Pressure, Pressures: 

bottom-hole, 508 et seq. 
combustion, hydrocarbons, 2877-8. 
contour map, 512, 513. 
control, 2351-4, 2359-60. 
conversion of boiling-points, 1280 et 
seq. 

critical, 1270 et seq., 1382. 
depth relationship, 563. 
drilling, see Drilling, 
drive, 577-82. 
gauges, 508 et seq., 2379. 
jet burners, 2527. 
maintenance, 554, 571, 577. 
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measurement, 2338-40. 
metamorphism, 76. 
meters, 2347. 
oil pools, 224. 
origin of petroleum, 51, 59. 
reducing values, 2356. 
reduction by denudation, 228. 
reservoir, 214, 537-8, 546-7. 
restoration, 577-8. 
samples (bottom-hole), 526. 
storage, petroleum products, 818-24. 
vapour-temperature relations, gasoline, 
820. 

-volume curve, reservoir crude, 561-3. 
-volume-temperature relations, hydro- 
carbons, 1230-1, 1263-9. 

Prices, petroleum products, 2393-4. 
Prileschaev reaction, 1018, 1021. 

Printing inks, 2463. 

Producer gases, engine fuels, 2460. 
Production : 

asphaltic materials, 21,29, 1934, 2728-9. 
costs, 536. 
natural gas, 21, 28. 
oil shale, 21, 2^ 
petroleum, 20, 22-3. 
refined products, 20, 24-5. 
schemes, development, 538-9. 
Pro-knock compounds, 2921, 2924, 2929- 
34, 3033, 3044-5. 

and spontaneous ignition tempera- 
tures, 2974-5. 

Propane : 

calorific values, 1243. 
chemistry, 937. 
chlorination, 2791. 
combustion, explosive, 2879. 
high pressure, 2886. 
slow, 2868, 2873, 2937, 2942. 
dehydrogenation, 2017, 2037. 
dewaxing process, 1680, 1762-3, 1899, 
1972-5. 

gaseous volumes, 1244. 
ignition phenomena, 2951-3. 
liquefied, 1534 et seq. 
oxidation, 2920. 

pyrolysis, 1994, 1999, 2014-17, 2032-4, 
2045. 

refrigerant, 1938. 

solvent refining process, 1852-4, 1925, 
1928, 1966-79. 

Propene, 943, 947. 

Propionic acid, by hydrocarbon oxidation, 
1030. 

Propyl- thiophene, 1039. 

Propylene : 
calorific values, 1243. 
chemistry, 943. 
decomposition, 2087. 
dichloride, 2779, 2782. 
explosive combustion, 2880. 
from oil gas, 2781-6. 
from propane, 2017, 2032-4. 
oxide, 2783. 

polymerization, 2026, 2058, 2068, 

2666-7. 

pyrolysis, 1997-2000, 2005, 2024-6, 
2045. 

reaction with sulphur, 1033. 
sulphuric acid, 1744. 

Prospecting : 

geophysical, 272, 316, 319 et seq., 346, 
364, 382, 387 et seq. 


history of development, 268-75. 
rigs, 442-3. 
technique of, 268. 
see also Geophysics. 

Protection, pipelines, 752-6, 762, 763. 
Proteins, 44, 51, 55. 

Protopetroleum, 52. 

‘Provinces’, palaeontological, 307. 

Prunty, West Va., gas-drive data, 579. 
Pseudo-cumene, 988. 

Pseudo-nitrosites, 944. 

Pseudo-plasticity, 1125. 

Puerto Colombia, Pliocene rocks, 117. 
Pulfrich rcfractometer, 1143. 
Pulverization, 2894, 2895. 

Pumps, Pumping: 
beam, 672. 

centrifrugal, 759-60, 764-5, 773-5, 791 . 
characteristics of lubricants, 2618-19. 
circulating, 2367, 2374. 
drive, 2374. 
electric, 760. 

gathering systems, 812-13. 

hot oil, 1594. 

jacks, 672. 

motors, 672-3. 

mud, 410, 671-2. 

oil, 590-6, 2552. 

power, 672. 

reciprocating, 773-5, 791. 
rotary, 791. 
speeds, 2375. 
stations, 773-80. 
submersible, 673. 
terminals, 790-2. 

Pumpherston retort, 3098-9, 3108. 

Puna of Jujuy, Argentine, 120. 

Punjab, petroleum occurrences, 138. 

Puta field, U.S.S.R., 900. 

Putnam test, 751 . 

Putrefaction, and origin of petroleum, 35. 
Pycnometers, 1138, 

Pyrene, 984. 

Pyridine, coal tar, 3125. 

‘Pyrofax’, 2460. 

Pyrolysed bases, physical constants, 1049. 
Pyrolysis: 

aromatics, 2103. 

gaseous hydrocarbons, 1994-2053. 
hydrocarbon mixtures, 2104-7. 
oil shale, 3080. 

olefines, 946-7, 1997-8, 2019-27, 

2101-5. 

paraffins, 940-1, 1994-7, 2002-3, 2007- 
19, 2030-44, 2099, 2100-5. 
Pyrometers, 2334-8. 

Pyrophyllite, 461. 

Pyropissite, 47. 

Qaiyarah field, Iraq, 145, 292. 

Quartz, accessory mineral of clays, 462. 

-spiral balance, 1290-1. 

Quenching, 2112, 2261. 
oils, 2653. 

Quinolines, 941, 1047-8. 

Quiriquire (E. Venezuela): 
crudes, 878. 
formation, 110. 

Raccoon Bend, Tex., pressure mainten- 
ance, 577. 

Racing fuels, 2451, 2456. 
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Radiation, heat, 2185-90. 
hydrocarbon flames, 2877-8. 
pyrometers, 2338. 
shape factors, 2188 et seq. 
through insulation, 2235-6. 

Radioactive minerals, origin of helium, 
1511-16. 

Radioactivity, petroleum ash, 1054. 

surveys, 323. 

Radiography ; radiology : 
applications, 674, 1203-5. 
examination, lubrication forces, 2570 
et seq. 

oil samples, 2595. 
waxes, 1942. 
welds, 2300-2. 

transportable X-ray sets, 674. 
see also X-rays. 

Rafaelite, Argentine, 2725, 2726. 

Ragusa (Italy), asphalt, 2710, 2720. 
marls, 191. 

Rail-car transport, 781, 783. 

Raman effect, petroleum chemistry, 1 206, 
1208, 1213, 1376. 

Ramany field, U.S.S.R., 900, 914. 

Rams bottom carbon residue, fueloils, 1431 . 

lubricating oils, 1418. 

Ranarex gas density meter, 2347. 

Rangely Dome, U.8.A., 68. 

Ranger Burbank residuum, duosol refin- 
ing, 1926. 

Rankine cycle, use in treatment of oil- 
flow in wells, 557. 

Rasvad, Roumania, crude, 920. 

Ratoezyn fault, Poland, 181. 

Rayleigh wave, 388. 

Reaction periods, slow combustion, 2860- 

6 . 

Reagan residuum, duosol refining, 1926. 
Rccarburetion, 1539. 

Reclamation, lubricants, 1685. 
Reconnaissance, aerial, 284 et seq. 
Recorders, 2348-9, 
remote, 2356-7. 

Recovery, bitumen, 1441-2, 
core, 502. 

oil from reservoir rocks, 541-55, 637-9, 
Rectifying column, selection for gaso- 
line absorption plant, 1491. 
Recuperation, 2533, 2543-4. 

Red Coulee field, Alberta, 97, 99. 

Red River field, gas-drive data, 579. 
uplift, 67, 81. 

Redistillation, continuous method , 1 662-5 . 
discontinuous method, 1665-8. 
lubricating oils, 1764. 

Redwood viscometers, 1072 et seq., 1409- 
10, 1428-9. 

Reference fuels, 3058, 3059, 3069. 
Refined products: 

world consumption, 21, 26-7. 
world production, 20, 24-5. 

Refinery; refining: 
capacity, 20-5. 

chemical processes, 1707-1816. 
coal tar, 3121-4. 

cracked gasoline, 1798-1803, 2110-11, 
2125. 

electrification, 2362 et seq. 
emulsions, 1063. 

engineering applications, 2175-2254. 
equipment, 779-97, 2108-11, 2256-8, 
2271 et seq. 


gases : 

gasoline, recovery, 1483 et seq. 
hydrogen, 2139. 
shale oil, 3105-6. 
sulphur removal, 1804-15. 
type characteristics, 1484. 
history, 1466 et seq. 
light distillates, 1708-57. 
lubricating oils, 1759-68. 
oil-gas, 2511, 2517. 
physical processes, 1671-706. 
polymer gasoline, 2069-73. 
power and water supplies, 2372 et seq. 
shale oil, 3100, 3105-15. 
solvent extraction, 1817-1928. 
special products, 1668. 
tars, 3105-6. 
wax, 2681. 
white spirits, 1668. 

Reflection method, seismic, 272, 317, 321, 
382, 387 et seq. 
seismograph, 396, 397. 

Reflux, internal: 

fractionating column, 1493, 1495. 
stripping plants, 1489, 1491. 
Reforming, 2108 et seq. 
catalytic, 2119-22. 
stocks, 1902-3. 

Refraction method, seismic, 316, 317, 
322, 324, 325, 382. 

Refractive idex: 

correction for temperature, 1136. 
crudes, 1177, 

hydrocarbons, 1137, 1172 et seq., 
1326-46. 
kerosene, 2473. 
lubricating oils, 2580-3. 
paraffin wax, 1187, 1191. 
solvent-refining, 1836. 
specific gravity relation, 1835-6. 
Refractometers : 

Abb^, 1142. 
calibration, 1144. 
dipping, 1143. 
interference, 1144. 

oil in wax determination, 1436-7, 
1958-9. 

Pulfrich, 1143. 

Refractories, 2532-3, 

Refractory screen, oil-gas process, 2517- 
19. 

Refrigeration: 

absorption system, 1930-2. 
adsorption system, 1931. 
agents, 1937, 2650-1. 
ammonia, 1802. 

compression system, 1930-1, 1932-6. 
efficiency, 1937-8. 
evaporation system, 1931, 1936-7. 
machinery, 1939-40, 2469-51. 
rooms, insulation, 2252. 

Regeneration : 
clays, 1687-8. 
furnaces, 2533-4, 2543. 
hydrogen, 2132. 

Regimentation of molecules, 2568, 2573 
et seq. 

Reid vapour-pressure bomb, 1392. 
Relative roughness, pipelines, 721-3. 
Relief measured strains, carbon steel, 
2302. 

valves, tanks, 831-2. 
wells, 445. 


Rembang, East Indies, crudes, 890. 

Repressuring, 577-82. 
ultimate recovery, 554. 

Republic flow-meter, 2342, 

Research method, fuel testing, 2912 

Reserves : 

natural gas, estimation, 808. 

statistics, 2417-19. 
proved, 532-3. 

Reservoir; Reservoirs: 
crude oil, 558-63. 
energy, conservation, 813. 
flow of oil, 559-60. 
gas effect, 559-60, 562-3. 
pressures : 

-depth curve, 563. 
maintenance, 571. 
maps, 282-3. 
production effect, 570. 

-volume curve, 561-3. 
rocks : 

characteristics, 536-7, 539, 541-2. 
drainage, 537-8, 547-55, 637-9. 
energy gradient, 547. 
flow characteristics, 545-7. 
permeability, 198, 572-3. 
porosity, 220. 
pressure gradient, 546-7. 
stratigraphical considerations, 304. 
ultimate oil recovery, 549-50. 
storage, 2378 et seq. 
water movements, 568-75. 

Residual stocks: 

combination cracking unit, 2109. 
nitrobenzene extraction, 1906. 
vectors (magnetic), 317. 

Residues, crude, solvent extraction, 1864- 
7. 

Residuum: 

asphalt, production, 2700. 
fuel oils, water content, 1431. 

Resins : 

adsorption, 1061. 
bituminous paints, 2750-1, 2753. 
coal tar, 3118. 
fossil, 47. 

lubricating oils, 1421, 1761. 
oleo-, 51 . 

petroleum hydrocarbons, 2848-50. 

residua, 1924. 
pipeline coatings, 755. 
plant, 1218. 
polymerization, 1062. 
sulphuric acid, reaction, 2764. 

Resistance thermometers, 2332-4. 

Resistivity and resistivity methods (Geo- 
physics), 317,318, 346 et seq., 35 1 et seq. 

Retention of oil in reservoir rocks, 545, 552. 

Retonation wave, 2991. 

Retorts, 3107-8. 

Retractable core drill, 441. 

Retrograde condensation, 1293. 

Reynold’s number, 688 et seq., 718-23, 
738-9. 

Reynosa escarpment district, 84, 86. 

Rhine Graben, 184, 187. 

Rice’s hypothesis, 940. 

Richardson oilfield. West Va., gas-drive 
data, 579. 

Richardson penetrometer, 1437. 

Richfield (U.S.A.), crude, analyses, 853 6. 
geology, 94. 

Richland gasfield, U.S.A., 86. 
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Ricinoleic acid, 2562. 

acetyl value, 1462-3. 

Riedel test, bituminous emulsions, 2709. 
Rift Valley region, Africa, 152. 

Rigs: 

percussion tool, 401. 
prospecting, 442-3. 
rotary, 406 et seq., 437. 
selection, 424-8. 

Rincon, U.S.A., production data, 853. 
Ring and ball softening point test, bitu- 
men, 1438. 

Rio Negro, Argentine, 120. 

Conglomerate, 113. 

Rio Sinu (Colombia), Poso Series, 115. 
Rittman cracking process, 1016, 2085. 
Road; roads: 

bituminous emulsions, 2708-9. 
building, asphalt specifications, 2742 
et seq. 

industry, 2127, 2545. 
oils, 1139, 2127, 2735. 
tars, 1139. 

tests, knock-ratings, 3059-61, 3066-71. 

oil consumption, 2613. 
transport, 781-4. 

Rock; rocks: 

asphalt, 640 et seq., 2710, 2720-2. 

bits, 430-1,446. 

magnetic susceptibility, 328. 

permeability, 198, 536-7, 553-4, 572-3. 

porosity, 220, 536-7, 541. 

pressure, 224, 226. 

resistivity, 346, 351. 

salt, 293, 295 ; see also Salt. 

thermal constants, 517. 

Rock Crossing, U.S.A., crude, properties, 
845. 

Rocky Mountain Province, 67, 89. 

Rod wax, 992. 

Rolled asphalt, specification, 2744. 

Roller process, carbon-black manufac- 
ture, 2852. 

Rolling spheres, viscometers, 1072. 

Roma, Australia, 126, 127. 

Roofing materials, emissivity, 2206. 
Rosecrans, U.S.A., crude, analysis, 853-6. 
Rosin, Swedish liquid, 2706. 

See also Resin. 

Rotary: 
burner, 2529. 
compressors, 1935-6. 
core drills, 439-43. 
drilling, 273-4, 406-59. 
kilns, oil-fired, 2545. 
melting furnaces, 2540. 
rig, 437. 
table, 443. 
wall sampler, 442. 

Roughness, relative, pipelines, 721-3. 
Roumania : 

crude oils, 918-21, 1216. 
electrical prospecting, 346 et seq. 
geology, 167. 

motor-fuel supplies, 2413. 
natural gas analyses, 1508. 
production data, 533. 
resistivity of formations, 346. 
salt masses, 255, 258-9. 

Round Moimtain, U.S.A., crude, analyses, 
853-6. 

Rubber: 

pipeline coatings, 755. 
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solvents, 2463. 
synthesis, 962-4. 

Rudawka-Rymanouska, Poland, crudes, 
929. 

Runcu field, Roumania, 169. 

Running-in, internal combustion engines, 
2634. 

Running tests, light Diesel fuels, 2493. 
Russia, see U.S.S.R. 

Rutherford burner, 2529-30. 


S.A.E. extreme pressure lubricants testing 
machine, 2600. 

Sabe field, Burma, 135. 

Sabine-Ouachita uplift, U.S.A., 84, 85. 
Sabinene, 944, 973, 975. 

Sabunchi field (U.S.S.R), crudes, 900. 
Safety fuels, 2146, 2147, 2446. 

Saginaw Oil Pool, U.S.A., 75. 

St. Giovanni Incarico, Italy, 189, 191. 

St. Hilaire (Allier), oil shales, 3081. 

St. Jean de Maru^^jols, France, asphalt 
mines, 640-3. 

St. I^uis, U.S.A., crude, properties, 843. 
St. Mary’s, West Va., gas-drive data, 579. 
St. Peter Sandstone, 73, 76. 

Sakhalin, Island (U.S.S.R.), crudes, 900, 
912,916,917. 
geology, 165. 

Salgar (Colombia), Pliocene rocks, 1 17. 
Saliferous clays, 293. 

Saline sediments, 58, 59. 

Salinity, oilfield waters. 

Salsomaggiore (Italy), crudes, 932. 

oil shows, 189. 

Salt anticlines, 255. 

Salt-bath furnaces, oil-fired, 2540. 

Salt Creek pool, U.S.A., 92. 

Salt Domes and Masses, 63, 64, 250, 251, 
254, 255, 293, 295, 297, 316, 317, 
321, 322, 324, 373. 

Germany, 184, 219. 

Gulf State, 219. 

Iran, 144. 

Roumania, 170. 

South Texas, 84, 86. 

U.S.S.R., 164. 

Salt Flat, U.S.A., crude, properties, 847. 
Salt plugs, 518, 520. 

Iran, 142. 

Salt Series, Poland, 179, 181, 182. 

Salt stocks: 

Germany, 186, 187. 

Poland (Posen), 177. 

Salt structures, 255. 

Salt zone, Kirkuk field, 149. 

Salta, Argentina: 
crude, analysis, 881. 
gas-lift practice, 586, 
geology, 120, 122-3. 

Sample-takers (Bottom-hole), 526. 
Samplers, wall, 442. 

Sampling : 

bulk liquids, 715-16, 1389-90. 
greases, 1454. 
pipeline, 716. 
running, 716. 

tank, 683, 685, 714, 715-16. 
transformer oils, 1443. 

Samson post, 401 . 

San Felipe formation, Tampico-Tuxpan 
region, 102. 


San Geronimo oilfield, Mexico, 100. 

San Isidro oilfield, Mexico, 100. 

San Joaquin Valley, U.S.A., crudes, 853- 
7. 

distillate, 1926. 
geology, 68, 93, 94. 

San Luis formation, Maracaibo Basin, 115. 

San Miguelito, U.S.A., production data, 
853. 

San Pedro formation, Maracaibo Basin, 
115. 

San Pedro y San Pablo, Argentine, 120. 

Sand; sands: 
bailing, 602. 
channels, 231. 
cutting, 608. 
dune, 233. 
grades, 220. 
impregnated, 292, 295. 
lenses, 304. 

lenticular, 230, 236, 239. 
pumping, 593-4. 
source beds, 43. 

Sandstone : 
dykes, 298. 
porosity, 221, 541. 
reservoirs, 304, 552-4, 559-60. 

Sanok, Polish Carpathians, 177. 

Santa Barbara (Cal.): 
oil shale, 3092. 
production data, 853. 

Santa Cruz, Argentine, 120. 

Santa Elena, Ecuador, crude oil, 885. 
geology, 118. 

Santa ¥6 Pool, Argentine, 94, 120. 

Santa F6 Springs, Cal.: 
crude, analysis, 853-7. 
distillation, 1897, 1901. 
gas-lift practice, 586. 
geology, 43, 44. 

Santa Maria (Cal.), crude, analyses, 853-7. 
geology, 68, 93-4. 

Santalenes, 976, 977. 

Santander, Colombia, 111. 

Santene, 976. 

Santonian beds, Tampico-Tuxpan oil- 
fields, 102. 

Santoresin, 2848-50. 

Sao Paulo (Brazil), oil shales, 3092. 

Saone-ct-Loire, oil shales, 3081, 3090. 

Saponification values: 
asphalts, 2718. 
bitumens, 2752. 
greases, 1462. 
lubricants, 1423. 

Saponite, 462. 

Saratoga, Tex., gas-drive data, 579. 

Sarmasel field, Transylvania, 168. 

Saros field, Transylvania, 168. 

Saturated hydrocarbons, 936-41. 

See also Paraffins, &c. 

Saturation pressure, crudes, 526, 528, 562. 

Saurol, 2841. 

Savoy Basin, 195. 

Saybolt chromometer, 1393, 1401. 
thermo-viscometer , 1401. 
viscometers, 1072 et seq., 1091 et seq., 
1410, 1429. 

Scaling, cast-iron, 2263-4. 

Schodnica field, Poland, crude, 929. 
geology, 181. 

Scottish oil shales, 3080^ 3089. 
shale oils, 3096-106. 
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Screen liners, 594. 

Sea terminals, 786-94. 

Seaboard process, removal of sulphur 
from gases, 1804-6. 

Seal Beach, Cal.: 
crude, analysis, 853, 857. 
gas-drive, 577, 579. 

Seams, asphalt, 640. 

Sedimentary volcanism, 60, 107, 108, 
250, 253, 297. 

Sediments, correlation by mineral cri- 
teria, 312. 

soaps, contained in, 44, 55. 
temperatures, 54. ^ 

Seed extraction, 2462. jf 

Secfcld oils, thiophen content, 1039. 
Seismic prospecting, see Geophysics. 
Seismic waves, 316, 319, 382 et seq., 387. 
Seismograms, 391. 

Seismograph, 272, 391, 397, 396. 
Seismometers, 316. 

Sel Rokho, U.S.S.R., 164. 

Selective solvents, 1876-87, 1888-92. 
Selecto, 1925. 

Sclenitza asphalt, Albania, 2720. 
oil-field, 172. 

Self-ignition temperature fuels, 1247. 

See also Auto-ignition. 

Sclinene, 976. 

Selsyn remote control devices, 2356-7. 
Semi-Diesel engine, ignition, 2978-9. 
Seminole, Okla.: 

compressor-plant costs, 585. 
crude, analysis, 843. 
gas-lift practice, 587. 
geology, 224, 303. 
plateau, buried anticline, 242. 

Seneca oil, 292. 

Separators, separation: 
lubricating oil, 2645-6, 2650. 

Nobel centrifruge, 1949. 

oil and gas, 607-8, 813-15, 2415. 

Seria Brunei crudes, Dutch East Indies, 
889, 890. 

Sericite, 462. 

Serpentine, oil production, 85, 261, 323, 
324, 339. 

Sesquiterpenes, 48, 976. 

Setting-depths, casing, 483-4, 486. 
equipment, 1794-6. 
time, cement, 465-6, 478. 

Setting-point, lubricating oils, 1407, 1413. 

paraffin waxes, 1434, 2680-1. 

Settler efficiency, solvent refining, 1862. 
Settling measurements, muds, 449. 
Scyssel (France), native asphalts and 
bitumens, 2710. 

Shale ; shales : 

bituminous (Italy), 191. 
heaving, 417-19. 

oil, 32, 42, 46, 295, 1942, 2549, 3080, 
3089. 

Estonian, 3107-12, 

Scottish, 3096-106. 
sulphur content, 1034, 1038-40, 

1042-3. 
porosity, 221. 
spent, 3080. 

Shape factor relation to permeability, 205. 
Shape of particles, relation to porosity, 
220 . 

Sharpies dewaxing process, 1945 et seq. 
Shear, effect on apparent viscosity, 1071. 


Sheffield, Pa., gas-drive data, 579. 

Shell heat-exchangers, performance, 2214- 
17 , 2220 - 2 . 
heaters, 2223 et seq. 
stills, 1586 et seq., 2691. 

Shensi Basin, China, 139, 934. 

Shepard rod test, 751. 

Sherard, Pa., gas-drive data, 579. 

Shields Canyon, Cal., gas-drive data, 
579. 

Shirki field, U.S.S.R., 904. 

Shirlacrol, 3125. 

Shock resistance, see Impact resistance. 
Shock waves, seismic, 316. 

Shoestring sands, 80. 233, 305. 

Shooting, oilsands, 429. 

Shorelines, factors in oil accumulation, 
230. 

Shorsu field, U.S.S.R., 911, 915. 
Short-time tests, cast irons, 2263-4. 
properties, alloy steel, 2279-80, 2282 
et seq. 

relation to long-time strength, 2296-7. 
Shubany-Atashta, U.S.S.R., 159. 
Shubar-Kuduk field, U.S.S.R., 164, 908. 
Shukoff’s method, setting-point of waxes, 
1434. 

Shut-off, WiiV.v sands, 573-5. 

Sibley machine, 2606. 

Sicily: 

asphalt mining, 640. 
crude oil, 932. 
oil shows, 191. 

Sieve analyses of muds, 449. 

Silica gel, catalyst, 1060, 2043, 2059. 
Silica-alumina ratio, fuller’s earths, 1699. 
Siliceous Lime, 79. 

Silicon: 

alloy steels, 2273 et seq. 
cast iron, 2258 et seq. 

Silurian oil, general distribution, 61 . 
rocks : 

Canada, 96. 

Iran and Iraq, 142. 

U.S.A., 66 et seq. 

Silver acetylide, 953. 

mercaptide, 1723. 

Simmance gravitometcr, 2347. 

Sincai field, Transylvania, 168. 

Sind, N.W. India, 138. 

Singu field, Burma, 135, 136, 137. 
Sintering, oil-fired plants, 2537-8. 

Siparia syncline, Trinidad, 106, 108. 
‘Skiby’, 248, 250. 

Skiff field, Alberta, 97, 99. 

Slabbing, paraffin wax, 2679. 

Slack wax, 1434. 

Slag cement, 476, 481. 

Sligh oxidation-stability tests, lubricants, 
1419, 2607. 

effect of phenol extraction, 1911. 

Slope viscosity, Bingham bodies, 736. 
waxy oils, 738. 

Slow combustion, hydrocarbons, 2860- 
74. 

oxidation, hydrocarbons, 2917, 2918, 
2937-49. 

Sludge: 

emulsion type, 2615. 
formation, 2622, 2625-9, 2635-6. 
compounded oils, 2607-8. 
lubricants, 1418, 2614-16. 
measurement, 2626-8. 


transformer oils, 1445-6. 
removal, 1794-7. 
sulphuric acid, 2764-71. 

Slurry, cement, 463 et seq. 

Smackover, U.S.A., crude, properties, 
847. 

geology, 86. 
petroleum coke, 2774. 

Smelting, oil-fired, 2537. 

Smithwick formation, 82. 

Smoke-point, kerosenes, 1403-4, 1889, 
2477 et seq. 

Snubbing gear, pressure drilling, 434-5. 
Soaking drums, insulation, 2240. 

Soaps : 

emulsification of bitumens, 2706. 
greases, 1460-1. 

hydrocarbon oxidation, 1031-2. 
in sediments, 44, 55. 
viscosity, 1103-5. 

Socorro Series, Ecuador, 118. 

Maracaibo Basin, 116. 

Sodium: 

hypochlorite, 1730-7. 
mercaptide, 1721. 
oil-field waters, 647, 653. 
plumbite, 1396, 1724-30. 
polysulphides, 1729, 1730. 
thio arsenates, 1806, 1807. 
Softening-point, penetration index (As- 
phalts), 2732, 2733. 

Soil : 

drying by buried pipelines, 743-4. 
pipeline corrosion, 784 et seq. 
thermal conductivity, 740 et seq. 
thermal diffusivity, 741 et seq, 
volumetric heat, 742, 743. 

Solex Bi-Fuel system, 2450. 

Solid, solids: 

conduction of heat, 2177-8, 2204-5. 
oil shows, 292, 295. 
surface tensions, 1373. 

Soligen, 1010. 

Solubility relationships, gasolines, ben- 
zoles, &c., 2822-9. 

Solution, relation to porosity, 221. 
Solvent, solvents: 

asphaltic bitumen manufacture, 2698. 
bituminous paint products, 2748-50. 
manufacture from natural gasoline, 

1540, 2426. 

naphthas by hydrogenation, 2147-8. 

oil-wax equilibria, 1983-4. 
petroleum, by distillation, 1662-9. 
industrial, 2462, 2465. 
refining, 1668. 
recovery, chlorex, 1915-16. 
duosol, 1928. 
nitrobenzene, 1904. 
selectivity, halogenation effect, 1847. 
wax, 1949, 1988-90. 

Solvent refining: 

blended feed stock, 1870. 

Californian stocks, 1893-1903. 
chlorex process, 1915-17. 

Diesel fuels, 1872-4. 

Duo-Sol process, 1924-8. 
equipment, 1779-97. 
furfural process, 1918-23. 
gasoline, 1863-4. 
general factors, 1875-87. 

Gulf coast crudes, 863. 
insecticidal oils, 1901-2. 
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Solvent refining (cont.) 
kerosene, 1864. 

lubricating oils, 990-1, 1763-4, 1872, 
1875-87. 

nitrobenzene method, 1904-9. 
processes, 1848 ct seq. 
propane method, 1966-79. 
reforming stocks, 1902, 1903. 
regeneration of clays, 1688-9. 
selective solvents, 1848-9, 1876-87. 
sulphur removal, 1885-6. 
theoretical principles, 1818-28. 
transformer oils, 1901, 1902. 
triangular graphs, 1829-74. 

Sorption, 1672. 

Souders and Brown entrainment formula, 
1485. 

Sound waves, 387. 

Soundings, electrical, 347. 

Sour distillates, 1396, 1724 et seq. 

Sour Lake pool, U.S.A., 87. 

Source rocks, 33, 42, 46 et seq., 296, 304. 
South Africa, oil shales, 3092. 

South America, foredeep oilpools, 64. 
oil shales, 3092. 

South Braman, U.S.A., crude, properties, 
845. 

South Electra, U.S.A., crude, properties, 
845. 

Soviet crude petroleums, 900. 

See also U.S.S.R. 

Spacing water flood-wells, 199. 

Spain, oil shales near Castellon, 3090. 
Spanish (Morocco) crude oils, 933. 
Spark-ignition engines, 2449-51. 

See also Engines . 

Spas shales, Polish Carpathians, 177. 
Specific adsorption, 1676. 
gravity: 

A.P.I. degrees table, 1130-2. 
asphalts, 2383-5. 
bitumens, 2383-5. 
bottom-hole sampling, 529. 
coal tars, 2583-5. 
correction factors, 685, 1133-5. 
crudes, 1117 et seq., 1585. 
density conversion, 1132. 

Diesel fuels, 2488, 2496. 
drilling mud, 454, 465. 
fuel oil, 1428. 
gas oil, 1404. 
gasoline, 1392. 

gasoline, clay treatment, 1684. 
kerosene, 2472. 

lubricants, 1408, 1454, 2579-82. 
measurement, 1129, 1137, 2323-4, 
2347-8. 

oilfield waters, 646. 
petroleum oils (tables), 1150-5. 
relation to aniline points, 1835. 
relation to carbon residue, 1833-5. 
relation to refractive index, 1835-7. 
relation to viscosity, 1830-1. 
rocks, 374. 
waxes, 1187, 1434. 
white spirit, 1392. 
see also Density, 
heats : 

asphalts, 2719. 
cracked products, 1249-50. 
gases and vapours, 1245. 
hydrocarbons, 1383. 
kerosene, 2473. 
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measurements, 1228 et seq. 
petroleum oils, 1249. 
inductive capacity, cable oils, 1448-51. 
polarization, 1362-3. 
refractivity, 1836-7. 

Specifications : 

Air Ministry, 2437-8. 
asphalts, 2722, 2731, 2742 et seq. 
bituminous emulsions, 2708. 

British Cotton Ind. Res. Assoc., 2649. 
cement, 466, 477 et seq. 

Diesel Engine Users Assoc., 2644. 
Diesel fuel, 2499. 

lubricants, 2642-4. 

French aviation fuels, 2442. 
fuel oil, 2549. 
furnace tubing, 2292-3. 
gear lubricants, 2649. 
insecticidal oils, 2845. 
natural gasoline, 2420. 
petroleum coke, 2733. 
pressure vessels, 2295-6. 
refrigeration lubricants, 2650-1. 
spindle oils, 2649. 
standard thermometric scale, 2329. 
steam cylinder oils, 2646. 

turbine oils, 2646. 
steel, refinery, 2256-7. 

Spectra : 

ash analysis, 1054. 
infra-red absorption, 1 196 et seq. 
knocking flame, 2928. 
lines, refractive index and dispersion, 
1139. 

normal flame, 2881, 2928-9. 

Raman, 1206, 1213. 

Spectrograph, Raman, 1213. 

Spent shale, 1687-90, 3080. 
plumbite, recovery, 1727-30. 
soda, recovery, 1722-3. 

Spindletop pool, U.S.A.: 
crude, cracking, 2116. 
geology, 87. 
salt structure, 255, 259. 

Spirane dicyclic hydrocarbons, 972, 973. 
Spirillium desulphuricans^ 1033. 

Spits (Sand), 231. 

Sponge greases, 2591. 

Spontaneous ignition temperature : 
fuel oil, 1431. 
hydrocarbons, 2970-5. 
light Diesel fuels, 2491-2. 

Spot test, bitumen, 1440. 

white spirit, 1401. 

Spraying systems, fuel oil, 2549. 
Sprengler pycnometer, 1138. 

Springsure area, Australia, 126. 

Spudder, spinning, 403, 446. 

Spudding bit, hydraulicking, 446. 

Spuds, 402. 

‘Squeeze* jobs: 
cementing, 471-2. 
plugging-back, 474-5. 

Stabilization, gasoline from gases, 1492 
ct seq. 

Stabilizers, lubricating oil, 2637-8. 
Stabler-Palmer system, 654, 655. 

Stack lining, 2249. 

Stage separation, oil-gas mixtures, 606 et 
seq. 

Stalnaker Sand, U.S.A., 80. 

Standard cable-tool drilling system, 400 
ct seq. 


Standing storage losses, evaporation, 830. 
Stanton number, 2196. 

Starch, as source material of oil, 51. 
Starters, automatic, 2368. 

Starting tests, 2492-3, 2631. 
torque, 2569. 
valves, 584, 588. 

Static electricity, ignition of oil, 2379. 

oxidation tests, lubricating oils, 1419. 
Statistics : 

manufactured gas, 2501-2. 
petroleum products, 20 et seq. 
Stavropol district, U.S.S.R., 161. 
Stavropoleos field, Roumania, 169. 

Steam : 

carbon activation, 1480. 
distillation, 1604 ct seq. 
drilling equipment, 658. 
emulsification number, 1911. 
engines, see Engines, 
jib burners, 2527-8. 
pumping units, 775. 
water gas, 2165-8. 

Stearic acid, cryoscopic solvent, 1296. 

surface tension effect, 1059. 

Stearine candles, 2687. 

Steel; Steels: 

alloy, 430-2, 2271 et seq., 2296 et seq. 

casing, 482-4. 

chemical tolerance, 2256. 

fire protection, 2248. 

heat treatment, 407. 

plates, strength, 2257. 

refinery specifications, 2256-7. 

sucker rods, 494-6. 

tapes, tank dipping, 713. 

tubing, 491 et seq. 

Stefan-Boltzmann law, 2184-5, 2338. 
Steiner viscometer, 1411. 
SteinfCrde-Hambuhren salt mass, 187. 
Stellarite, 3081. 

Stellite, 430. 

Stephens County, U.S.A., production, 
84. 

Stereoscopes and air photographs, 286. 
Sterlitamak field, U.S.S.R., 164, 900, 909, 
915-17. 

Stewart formulae, collapsing strength of 
casing, 484. 

Stills, 146^8, 1586 et seq., 1632 et seq., 
2691, 2704. 

Stoke, unit of kinematic viscosity, 1072. 
Stokers law, 2556. 

Stone’s locomotive turbo-generator, 674. 
Stony Creek, Canada: 
crude, 866. 
geology, 96. 

Storage : 

bituminous emulsions, 2707. 
fire protection, 2378. 
fuel oil, 2534-5. 
gasoline, 1017, 1024. 
licenses, 782. 
liquefied gases, 1536. 
losses, 818-22, 830 et seq. 
tanks, 788, 789. 
colour effects, 834-8. 

Stdrmer viscometer, 456, 1072, 1107. 
Stoving ovens, oil-fired, 2544-5. 
Straightening vanes, flow meters, 2344. 
Strain-gauge dynamometers, measure- 
ment of polished' rod load, 495. 
Strainers, oil, 2552. 



INDEX OF SUBJECTS 


3187 


Stratford process, cracked gasoline treat- 
ment, 1693, 1697-8. 

Stratigraphy ; stratigraphical : 
correlation by foraminifera, 310. 
distribution, petroleum, 58, 96. 
palaeontology, 306. 
source rocks, 304. 
see also Geology. 

Streamline flow, fluids, 718, 720, 727-30. 

Strecino, asphaltic rocks, Czechoslovakia, 
176. 

Stripping, 1558, 1595 et seq. 
calculations, 1490-1. 
columns, 1658-9. 
factor, distillation, 1553. 
gasoline absorption, 1488-92. 
internal reflux, 1489-91. 

Strontium in oilfield waters, 655. 

Structure, structural : 
contour map, 276. 
relation to oil exploration, 305. 

to seepages, 296. 
terraces, 218. 

Sturm equation, collapsing strength of 
casing, 485. 

Styrene, 944, 945, 958 et seq., 1712, 1750. 

Submarine oil seepages, 291, 292. 
sounding, 387. 

Submergence, gas-lift, 583-4. 

Subsidence basins, 244. 

Sucker rods, 491, 494-8, 596. 

Suez, Gulf of, 150. 

Sugar, as source of material of oil, 51, 55. 

Sugarland, Tex.: 
gas drive, 538. 
natural water drive, 571. 
pressure maintenance, 577. 
reservoir pressure and production, 570. 

Sukkur, Sind, 138. 

Sulphates, oilfield waters, 649, 653. 
reduction, 1033, 1036. 

Sulphides, 1034, 1037-8, 1739. 
oilfield waters, 650, 654. 
see also Thio-ethers. 

Sulpho acids, 2840. 

Sulphonation : 
aromatics, 1398. 
hydrocarbons, 939. 
white oils, 2838, 2839. 

Sulphones, 1038, 1739, 1742. 

Sulphonyl chlorides, 1735. 

Sulphoxides, 1734, 1739. 

Sulphur dioxide : 

Edeleanu process, 1888-92. 
extraction processes, 1849-51, 1856-7, 
1894-1902, 2580. 
reaction with dienes, 951. 

with diolefines, 1711. 
refrigerant, 1938, 2651. 

Sulphur compounds : 

acid treatment, 1798, 1801-2. 
adsorption, 1061. 
alkyl disulphides, 1037. 
bitumen, 1439. 
bituminous oils, 1042-6. 

Canadian crude, 1043-4. 
carbon disulphide, 1036. 
clay treatment, 1684. 
coal oils, 1044. 
corrosion, 2316-17. 
cracking, 1034, 1798. 

Diesel fuels, 2490. 
di-isobutene, 2832. 

IV 


engine wear, 2620. 

fuel oils, 1430. 

gas oils, 1405. 

gases, 293, 1535, 1804-15. 

gasoline, 996, 1395-6, 2405. 

greases, 1456-7. 

hydrogen sulphide, 1036. 

hydrogenation, 2136, 2146. 

iso-octane, 2832. 

kerosenes, 1402, 188-9, 2471-2. 

labile derivatives, 49. 

lead susceptibility, 3031. 

light distillates, 1712-17. 

lignite oils, 1044. 

lubricating oils, 1761, 1911, 2576-7, 
2600. 

mcrcaptans, 1036-7. 
monochloridc, 1398. 
oil shales, 3085. 
paraffin reaction, 939. 
petroleum, content, 1033 et seq. 
plumbite process, 1726-7. 
shale oil, 1042-3, 3099. 
solubility, 1034. 

solvent extraction, 1885-6, 1911. 
sulphuric acid action, 1737-40, 2764. 
thiophanes, 1038-9. 
thiophenes, 1039-40. 
transformer oils, 1444. 
white spirit, 1400-1. 
see also Sulphur dioxide. Sulphuric 
acid, &c. 

Sulphuric acid : 

action on aliphatic olefines, 1750. 
aromatic olefines, 1750, 2764. 
aromatic hydrocarbons, 2764. 
asphalts, 2764. 
cyclic diolcfincs, 1750-1. 
naphthenes, 2764. 
paraffins, 1740-3, 2764. 
sulphur compounds, 1737-40. 
unsaturates, 1743-50, 2764. 
olefinic absorption, 1398. 
hydration, 944, 946. 
polymerization, 957. 
petroleum, reactions, 2840. 
polymerizing catalyst, 957, 2074, 2764. 
recovery, 2765-71. 

refining of distillates, 1397, 1420, 1737- 
55, 1769, 1798-1803. 
sludges, 2764-71. 

Sulphuric esters, 1755. 

Sumatra : 

crudes, 889-90. 
geology, 131. 

Summerland, U.S.A.: 
crude, analyses, 857. 
production data, 853. 

Sunning of crude, 2549. 

Super-centrifuge, Sharpies solid dis- 
charge, 1945-7. 

Superheaters, 2374. 

Surakhany field, U.S.S.R.: 
crude, 900, 914. 
geology, 155, 158. 
lubricating oils, 2582. 

Surface : 

indications of oil, 291, 294. 
tension, 210, 214, 456, 530, 1369 et seq. 
crudes in reservoirs, 542-3. 
hydrometry correction, 2324-5. 
kerosene, 2473. * 

liquids and solids, 1672-3. 
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petroleum, 1058-62. 
viscometers, 1074. 
treatment, asphalt, 2740. 

Surma Series, Assam, 135. 

Surveying, well, 445. 

Susceptibility factor, bitumens, 1439. 
Swab bailer, 602. 

Sweating, paraffin w'ax, 1434, 1470, 1942, 
1954-9. 

Sweden, motor fuel supplies, 2412. 
Swedish induction method (geophysical 
prospecting), 349. 
liquid rosin, 2706. 

Sweetening processes, light distillates, 
1396, 1724-30. 

Sweetgrass Arch, U.S.A., geology, 89, 92, 
99. 

Switchgear, 670-3, 2363-6. 

Switzerland, motor fuel supplies, 2412. 
Sylvestrene, 971, 972. 

Synthesis: 
coal, 2130-1 . 

hydrocarbons, 2136, 2447. 
lubricating oils, 2656-71. 
methanol, 2134. 
rubber, 962-4. 

Syria, crude oil, 932. 

Szechuan Province, China, 139, 934. 
Szefu well, China, 934. 


Tabaquitc field, Trinidad: 
crude, 880. 
geology, 106. 

Tablazos, Ecuador, 119. 

Tag-closed tester, 1402. 

Tag-Robinson colorimeter, 1414. 
Tagliabue control, 1959. 

'Eallow greases, 2591. 

Taman Peninsula, U.S.S.R., 161. 
Tamasopo Ridge, Mexico, 242. 
'Eamaulipas Limestone, Mexico, 100, 102. 
Tamesi formation, Tampico-Tdxpan re- 
gion, 102. 

Tampico-Tiixpan oilfield region; 
crudes, 871, 872. 
geology, 100. 

Tandem compressors for gas-lift, 585. 
'^Fanhuijo oilfield, Mexico, 100. 

Tankers, 786, 792-3, 795-802. 

Tanks: 

bottom allowances, 679, 712-13. 
calibration, 711-13. 

colours, evaporation losses, 834 et seq. 
construction, 832. 
corrosion, 814. 

Deadwood, 679, 711. 
dipping, 683-4, 713-14. 
fuel oil, 2544. 
gauging, 684, 815-16, 827. 
hatches, 683-4, 686, 714. 
insulation, 831-2, 2378 et seq. 
liquefied gas storage, 1536. 
liquid volume change, 818. 
paints, 831-2. 

roofs, 789, 818, 825, 1831-2. 
sampling, 683-5, 714-16. 
storage, 825. 

strapping, 678-9, 711-12. 
temperature variations, 835-6. 
valves, 831-2. 
vapour effects, 818, 830-1. 
water cooling, 831-2. 
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Tannin, hydrolysis, 56. 

Tapers, 2689. 

Tar oils, 2249 et seq., 3113-17. 

hydrogenation, 3113, 3114. 

Tars: 

asphalt mixtures, 2714. 

benzole pyrolysis, 2048. 

cold, 3123. 

definition, 2760. 

high temperature, 3118-27. 

hydrogenation cracking, 2156-63. 

low temperature, 3113-17. 

physical properties, 2584. 

pitches, 1139. 

products, 1146. 

Tarakan field, Borneo: 
crude, 888, 889. 
geology, 131. 

Tarra field, Venezuela, crude, 877-8. 
Tasmanite, 3089. 

Tatums field, U.S.A., crude, properties, 
848. 

Taylor Dubl-Response control system, 
2353-4. 

Tectonic belts, oilfields, 244. 

classification, U.S. oilfields, 66. 
Tectonics, see Structures, geological. 
Tectonites, 298. 

Tejadas, Argentine, 120. 

Temperature, temperatures: 
bottom-hole, 516. 
controllers, 2351-4, 2359. 
gradients, 54, 521, 542. 
measurements, 1224-5, 2328 ct seq., 
2359. 

origin of oil, 36, 59. 
petroleum oils, tabulated data, 1156- 
70. 

susceptibility, asphalt, 2732. 
Tempering oils, 2653-4. 

Tempoal formation, Tampico-Tuxpan 
region, 103. 

Tennessee, U.S. A., black shales, 3081. 
production, 73. 

Tensile strength, cast irons, 2261-2. 
tubing materials, 2291. 
welds, 2299 et seq. 

Tensyliron, nickel, 2262. 

Tepetate oilfield, Mexico, 100. 

Terpenes : 
dicyclic, 975-6. 
hydrogenation, 2134, 2136. 
monocyclic, 97 1 . 
natural occurrence, 48. 
optical activity effect, 1218. 

Raman spectra, 1210. 
sesqui-, 976-7. 

Terpinenes, 972. 

Terpinolene, 972. 

Terraces, structural, 218. 

Tersk region, U.S.S.R., 906. 

Tertiary: 
asph^ts, 2720. 
foraminifera, 309. 
oilfields, general distribution, 62. 
Tertiary rocks : 

Albania, 172. 

Argentine, 121. 

Assam and Burma, 133. 

Australia, 124. 

Caucasus, 155 et seq. 

Colombia, 113 et seq. 

Czechoslovakia, 175, 176. 


East Indian Archipelago, 131. 

Ecuador, 118. 

Egypt, 150, 151. 

France, 195. 

Germany (Zechstein Basin), 186. 

India, 138. 

Iran and Iraq, 143. 

Maracaibo Basin, 111 et seq. 

Polish Carpathians, 177. 

Roumania, 167 ct seq. 
Tampico-Tuxpan oilfields, 101, 102. 
Trinidad, 106. 

U.S.A., 68 et seq., 262. 

Venezuela, 107. 

Test wells, 269, 273. 

Testing: 

asphalts, bitumens, 1438, 2752, 2756-9. 
bituminous emulsions, 2708. 
cast iron alloys, 2263 ct seq. 
cement, 477 et seq. 
evaporation losses, 830 ct seq. 
gas oil, 1404-6. 
gasolines, 1019-23, 1390-9. 
greases, 1453 et seq., 2592-3, 2599-600. 
kerosene, 1401-4, 2477 et seq. 
light Diesel fuels, 2492-3. 
lubricating oils, 1407, 2610-14, 2622, 
2675-6. 

natural gas, 2418. 

oil contacting treatment by colour, 
1692. 

petroleum products, 1388-1406. 
steel, 2297-8. 

transformer oils, 1443 et seq. 
wax, 1433, 1954-5, 1958-9. 
white spirit, 1400-1. 

Tct 9 ani, Transylvania, 168. 
Tetrachlorocthylcne, 2604. 

Tetraethyl lead, see Lead tetraethyl. 
Tetrahydrophthalic acid, derivatives in 
cracked gasoline, 1712. 

Tetralin, 3125. 
peroxide, 2902. 

Tetramerides, cyclic dienes, 961. 
Tetramethylene sulphide, 1038. 
Tetratriacontadiene, 991. 

Texaco lubricating oils, 2582. 

Texas: 

accumulation in igneous rocks, 261 . 
asphalts, 2721. 
crudes, coke analysis, 2774. 
gas-drive data, 579-80. 
gas-lift practice, 587-8. 
gasoline analyses, 2125. 
geology, 66 et seq. 

Gulf Coast fields, see Tables facing 
p. 560. 

production, 533. 

Textile spindles, lubrication, 2649. 
Thalassol, 2841. 

Thallium, anti-knock, 2923. 

Thermal : 
conductivity ; 

alloy steels, 2286. 
gas analyser, 2348-9. 
gases, vapours, &c., 1261-2. 
insulating materials, 2235. 
soil, 740 et seq. 
solids, 2204-5. 
constants: 

cements, 479-80. 

* rocks, 517. 
soil, 741 et seq. 


properties, hydrocarbons, 1 224-3 1 , 
1994-2006, 2088-98. 

Thcrmatomic process, 2009, 2010, 2852- 

3. 

Thermax carbon, 2010. 

Thermo-electric pyrometers, 2334-7. 
Thermometers, 2328-34. 

lag, 2329-30. 

Thermostat, flue, 2536. 

‘Thief sampler, 1389. 

I’hiele equation, flash-points, 1415. 
Thio-arsenate8,thylox process, 1806, 1807. 
Thio-ethers, hypochlorite reaction, 1733- 

4. 

light distillates, 1714, 1715. 
Thio-naphthenes, 1035, 1039, 1045-6. 
Thionizers, 1806, 1807. 

Thiophenes : 

chemist^, 1033-5, 1039-40. 
in gasoline, 1396. 
in light distillates, 1715. 
in shale oils, 1042. 
reaction with hypochlorite, 1734-5. 
reaction with sulphuric acid, 1739-40. 
Thiophanes : 

action of sulphuric acid, 1739. 
Canadian crude, 1043-4. 
chemistry, 1034, 1038-9. 

Thiophthen, shale oils, 1045. 

Thixotropy, 455, 1105, 1113, 1127. 
drilling fluids, 1065, 1066. 
news inks, 1065. 

Thomas thermal flow meter, 2345. 
Thompsons, Tex., natural water drive, 
571. 

Thrall field (Texas), accumulation, igne- 
ous rocks, 263. 

Threads, casing, 408. 
drill-pipe, 411. 

Throttling experiments, apparatus, 1230. 
Thrusts, geological, 253, 254. 

'fhujenes, 973, 975. 

Thuringia (Germany), geology, 184. 
Thylox process, 1806, 1807. 

Tidcoute, Pa., gas-drive data, 579. 
Ticmrink, U.S.S.R,, 162. 

Tienton (China), 139. 

Timken film strength, 2569, 2603-4. 

wear tests, 2603-4. 

Tierra Amarilla field, Mexico, 100. 
Tierra Blanca field, Mexico, 100. 

Tilbury field, Canada, 96. 

Tintometers, 1413-14. 

Tipan Scries, Assam, 135. 

Tis Fu well, China, 934. 

Titanium, in alloy steels, 2284, 2285. 
Tjcpoe, D.E.I., crudes, 889, 890. 
Tliouanet field, Algeria, 152. 

Toluene: 
anti-knock, 2433. 
blending agent, 2823. 
calorific values, 1243. 
chemistry, 979. 
combustion, 2887. 
from pyrolysis, 2005. 
gaseous volumes, 1244. 
oxidation, 2953. 

Toluidine, 945. 

Tonka wa field, buried anticline, 242. 

crude, properties, 843-5. 

Topila oilfield, Mexicp, 100. 
Topographic maps, 276. 
stereoscope, 287. 



INDEX OF SUBJECTS 


3189 


Topping apparatus, laboratory, 1658. 

units, crude, 1586 et seq. 

Torbanite, 3080, 3089, 3090. 

Toroid forces, 818, 823. 

Torque : 

breakaway, 2568, 2616, 2618, 2631. 
cranking, 2616. 

-load relationship, 2608. 

-stand oil-consumption, 2611-12. 
starting, 2569. 

Torrance field, U.S.A., crude, analysis, 
853-6. 

Torsion balance, 272, 317, 320, 322, 324, 
325, 366 et seq. 

Toteco oilfield, Mexico, 100. 

T'onkwang, China, 139. 

Towers, fractionating, 1467, 1591 et seq. 
insulation, 2240. 
lightning protection, 2380. 

Town’s gas, I.C. .^nginc fuel, 2458. 
Tractor oils, gravity constants, 2579. 
testing, 1401-4. 

Trail Run, Ohio, gas-drive data, 579. 
Trans-Caspian region, 163. 

Transformer oils: 

analysis and testing, 1443 et seq. 
contamination, 1443. 
oxidation, 1443, 144J~6. 
sampling, 1443. 
solvent extraction, 1901, 1902. 
unsaturated constituents, 1420. 
’IVansmission oils, gravity constants, 
2579. 

Transportation, liquefied gases, 1536-7. 
natural gas, 804 et seq. 
oil, rail, and road, 781-4. 
rotary equipment, 422-4. 

’Fransvaal, oil shales, 3092. 

Transylvanian Basin, 167, 256. 

Trap structures, 252, 305. 

Travis Co. ('Fexas), accumulation, igneous 
rocks, 263. 

Trenton Limestone, 35, 66, 73, 96. 
Tret-O-Lite, 625, 631, 1063. 

Triangular graphs, solvent refining calcu- 
lations, 1819-25, 1829-42. 

Triassic rocks: 

Argentine, 121, 122. 

Australia, 124. 

Czechoslovakia, 176. 

France, 193, 195. 

Germany (Zechstein Basin), 186. 

Iran and Iraq, 142. 

Italy, 192. 

U.S.A., 88, 91. 

U.S.S.R., 164. 

Tricalcium salts, cements, 477 et seq. 
Trichlororesorcinol, 2603 et seq. 
Tricyclene, 974. 

Tricycloheptanes, 974. 

Triethanolamine : 

Girbotol process, 1812, 1814. 
oleate, 2840. 

Trimerides, cyclic dienes, 961, 962. 
Trimethyl : 
benzenes, 988. 
ethylene : 

calorific values, 1243. 
cracked distillate content, 1746-7. 
hydration, 946. 
polymerization, 2666-7. 
pyrolysis production, 2002. 
pentenes, 2830, 2836-7. 


Trinidad ; 

asphalt, 2710 et seq., 2761. 
crude, analysis, 879-80. 
electrical prospecting, 359. 
geology, 106. 
mud volcanoes, 291. 

Titch Lake, 106, 292, 640. 
production, 533. 
Triphenylchloromethane, 2605. 
Triphcnylene, 984. 

Triphenylmethanc, 984. 

True boiling-point curve (T.B.P. curve), 
1580. 

True vapour-phase cracking process, 2085. 
'Frunk-line stations, 764 -6. 

'^Fsaichinpao, China, 934. 

Tschlcken wax, 936. 

Tseliuching, China, 934. 

Tub greases, 2591. 

'l ube and Tank cracking process, 2083-4, 

2112. 

Tubes; tubing: 

bottom-hole pressures, 508. 

cementing method, 574. 

condensers, 2217 et seq., 2278-9, 2294. 

corrosion, 492-3. 

electric-welded, 491 et seq. 

failure, 492. 

furnace, 2288 et seq. 

galvanized, 492-3. 

gas-lift, 586. 

heat exchangers, 2214-17, 2220-2, 

2278-9, 2293-4. 
heater, 2211-14, 2223, 2292. 
lap- welded, 491 et seq. 
manufacture, 491. 
oil-well, 596. 

protective coatings, 492-3. 
refining, 2271 et seq. 
seamless, 491 et seq. 
steel, 491 ct seq. 
tapering, gas-lift, 586. 
upset, 492. 

wrought iron, 491 et seq. 

'Fubera Group, Colombia, 116. 

Tuchola, Poland, 177, 

'Fuicani field, Roumania, 169. 

Tung oil, bituminous paints, 2750, 2753. 
'Fungchang well, China, 934. 

Tungkuan, China, 139. 

Tungshun well, China, 934. 

'Fungsten : 

alloy steels, 2273, 2275. 
carbide, drilling bits, 428-30. 
oxide, catalyst, 2057. 

Tunis, geology, 152. 

Tunnel grease, 2592. 

Tupungato oil .sands, Argentine, 121. 
Turbeville, Tex., gas-drive data, 579. 
Turbines, 2373, 2374, 2376. 
flow meter, 2345-6. 
lubrication, steam, 2646-7. 
oil, 1367, 

sludge formation, 2646. 
Turbo-compressors, refrigeration, 1939. 
Turbo-generators, Stone’s locomotive, 
674. 

Turbulent flow, Bingham body in circu- 
lar pipes, 739. 
fluids, 718, 721, 725-8. 
non-Newtonian liquids, 736-9. 
pipes, heat convection, 2193-4. 
porous rocks, 200. 


Turney rotary drilling rig, 424. 

Turkey, crude oil, 932. 

Turkmenian field, U.S.S.R., 900, 911, 
916, 917. 

Turner Valley oilfield, Canada, 96, 97, 
248. 

Turpentine: 

polymerization, 2666. 
sub.stitute, 1400-1, 2748. 

Turzovka, Czechoslov^akia, crude oil, 931. 
Tuxpan-Tampico fields, Mexico: 
crudes, 871, 872. 
geology, 100. 

Twist-offs, 411. 

Tw'itchelFs reagent, 2840. 


U.F. viscometer, 1126, 1411. 

Ubbelohde: 

melting-point determination, 2592. 
viscometer, 1072, 1074, 1411. 

Uchta field, U.S.S.R., 900, 909, 915. 

Ufa refinery', West Urals, 164. 

Uganda, geology, 152. 

Uinta Basin, U.S.A., 68. 

Uintaite, 293. 

Ullages, 684, 714, 793. 

Ultimate analyses of oils, 1240. 

recoveries, 549-50, 552-5. 

Ultra-violet rays, effect on paraffin wax, 
1433. 

Umbrella roof, 789. 

Unconformities and coring, 504. 
Unconsolidated rocks and porosity, 220. 
Undercut sucker rods, 497-8. 
Underground corrosion, 747-51. 
Underwood’s method (separation of 
hydrocarbons), 1564. 

Union District, Kty, gas-drive data, 579. 
Uniontown road-test results, 3067-71. 
Unit control production, 534-9. 

United Kingdom, gasoline imports, 2409. 
United States: 

Army and Navy specifications, aviation 
fuels, 2430. 

Federal specifications, asphalt, 2742. 

gasoline, 2395. 
helium production, 1517-23. 
motor fuels, 2395. 
natural gas analyses, 1504-5. 

Navy (Scout Gem) coal-oil suspension 
tests, 2554. 
oil and gas, 66 ct seq. 
oil shales, 3081. 
refining practice, 1466 et seq. 
see also individual localities and products . 
Unsaponifiable matter, greases, 1462. 
Unsaturates : 

bromination, 1532. 
gasolines, 1398-9, 2125. 
hydrogenation, 936. 
kerosenes, 1888. 

knocking characteristics, 3007-8, 3012, 
3017, 3022-3. 
lead susceptibility, 3031. 
light distillates, 1709-12. 
lubricating oils, 142(>-1, 1761. 
natural gas, 1525, 1532. 
polymerization, 955 ct seq. 
sulphur reaction, 1034. 
sulphuric acid reaction, 1743-9, 2764. 
see also Olefines, &c. 

Upoia, New Guinea, geology, 130. 
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Upset tubing, 492. 

Upton, U.S.A., crude: 
hydrogenation, 2146. 
properties, 846. 

Ural-Emba region, U.S.S.R., 164. 
Urania, U.S.A., crude, properties, 848. 
Urbain process, active carbon manu- 
facture, 1480. 

Urquhart sprayer, 2550-2. 

Uruguay, crude oil, 885. | 

U.S.S.R. [Russia]: 
crudes, 900-17. 
gas-lift practice, 586. 
geology, 155-66. 
natural gas analyses, 1 508. 
production, 533. 
salt structures, 256. 
shale oils, 1039-40. 

Utah (U.S.A.): 

-Colorado, salt masses, 257 et seq. 
gilsonite deposits, 640. 
oil shales, 3081, 3091. 

Uvalde rock asphalt, Texas, 2721. 


Vacuum : 

distillation, 1468, 1667-8. 
bitumen recovery', 1441-2. 
crank-case oil dilution, 1423. 
equipment, 1603-4. 
gauges, 2339. 

still, naphtha redistillation, 1665. 

Val de Travers, Switzerland, native as- 
phalts, 292, 2710. 

Valendis Sand, Germany, 186. 

Valeric acid, by hydrocarbon oxidation, 
1030. 

Valezza (Italy), crude, 932. 
oil shows, 189. 

Valle Latina, Italy, asphaltic oils, 189. 
Valona, Albania, geology, 172. 

Valves: 

back-pressure, 433-5. 
control, 2352-3, 2355-6. 
float, 467. 
flow, 584. 
kick-off, 584. 
relief, 831-2. 
starting, 584-8. 
sticking, 1023. 

Valvoline lubricating oil, 2582. 

Van, East Texas, buried structure, 242. 
crude, properties, 847. 
production, 533. 

Vanadium : 
alloy steels, 2273. 
petroleum ash, 1054-5. 

Vane flow meters, 2345. 

Vapour ; vapours : 
calorific values, 1243. 
condensation, 2217 et seq. 

heat transfer, 2199-2200. 
density, determination, 1287. 

molecular weights, 1300. 
losses, tanks, 825. 
pressure, aviation fuels, 2455. 
determination, 1287. 
gasolines, 1392. 

specifications, motor fuels, 2422-3. 
recovery systems, 833. 
temperature-pressure relationship gaso- 
line, 820. 

tension thermometers, 2328-32.* 


Vapour-phase cracking, 2084-6, 2106-17. 
cracked distillates composition, 1000. 
Hall process, 1016. 
hydrogenation of coal, 2151, 2154. 
Rittman process, 1016. 

Vaporization ; vaporizing : 
appliances, 2842-3. 
burners, 2527. 
flash, 1656. 

hydrocarbons, 1257-60, 1544 ct seq., 
1581. 

Varietalism, heavy minerals, 313. 
Variscan foredeep pools, 63. 

Varnish, 2464, 2850. 
bituminous, 2748 ct seq. 
corrosion protection, 2314. 
lubricating oils, 2622, 2636. 

Vaseline : 
chemistry, 993. 
colloidal system, 1065. 
viscosity, 1103. 

Vector (magnetic) maps, 335, 344. 

Veedol lubricating oil, 2582. 

Vegetable oils, Diesel fuel, 2498. 

Veins, asphalt, 640. 

Velleia (Italy) oil shows, 189. 

Venezuela : 
crudes, 876-80. 
electrical prospecting, 358-60. 
gas-lift practice, 588. 
gas oil, hydrogenation, 2146. 
geology, 106, 
production, 533. 
spirit, Raman spectra, 1214. 

Venice (Playa del Rcy), U.S.A., crude, 
analyses, 853-7. 

Ventura district, U.S.A. : 
crude, analyses, 853-7. 
geology, 68, 94. 
production, 533, 853. 

Venturi meters, 709, 2344. 

Vertical holes, 444, 445. 
kilns, 2545. 

migration and faulting, 252, 254. 
Vessels, pressure, 2295-2304. 

Vessigny oilfield, Trinidad, 107. 

Vicat test, cement, 478, 480. 

Victor Meyer method, molecular weights, 
1300. 

vapour densities, 1287. 

Villeta group, Colombia, 114. 
Vinylacetylene, 965, 966. 

Vinylallene, 952. 

Viscometers, 734-5, 1072 et seq., 1099, 
1107, 1125-6, 1409-11, 1428-9. 
Viscosity : 
absolute, 1071. 

alteration, clay treatment, 1684. 
anomalous, 1057, 1071, 1099, 2556. 
asphalts, 2716-17. 

Bingham bodies, 736. 
bitumen, 1439. 
bituminous emulsions, 2708. 

paints, 2749-50. 
breaking, 2108. 
coefficient, 1071-2. 
colour relation, 1833. 
conversion factors, 1072. 
crude oils, 1584. 
dewaxing effect, 2673. 
drilling fluids, 449-54. 
film strength, 2603. 
fuel oils, 1428-9, 2488-9, 2496-7. 


gas oil, 1405. 
gases, 1080. 

hydrocarbon structure relations, 991. 
index, 1091, 1407-9, 1684, 1832, 

1837-8, 1893, 2578, 2664. 
kerosenes, 1401-2, 2472 et seq. 
kinematic, 1072. 

lubricants, 1407-11, 1454, 2578-80, 
2619, 2626-9, 2634-5. 
pseudo-plasticity, 1125. 
solvent refining effect, 1830-3, 1837-8. 
specific gravity relations, 1830-1. 
temperature relations, 1079, 1083, 

2559-60. 

transformer oils, 1444-5. 
units, 1071. 
waxy oils, 738. 

Viscous : 

flow, fluids, 721; see also Streamline flow, 
pipes, heat transfer, 2194. 

Poiseui lie’s law, 1954. 
lubrication, 2566-8. 

Vistabclla Mine (Trinidad), grahamite 
from, 2725. 

Vistanex, 986. 

Visual reconnaissance, 284. 

Vitreous enamelling, oil-fired ovens, 
2544-5. 

Vogel’s equation, 1079. 

Vogel Ossag viscometer, 1072, 1405, 
1411. 

Volatility: 

bitumens, 1439, 1442, 2752. 
bituminous paints, 2756. 
index, 1392, 2422. 
kerosene, 2483. 

lubricating oil, 1416, 2630, 2635. 
motor fuels, 2420 et seq. 
transformer oil, 1444, 1445. 

Volcanic gases, 1500. 
necks, 250. 

theory, origin petroleum, 33. 
Volcanoes, mud, 60, 254, 291. 

Burma, 135. 

N.W. India, 138. 

Trinidad, 2713. 

U.S.S.R., 155 et seq. 

Volkenroda, Germany, 184. 

Voltage (refineries): 
selection, 2362-3. 
standard, 2363. 

Voltolized oil, 1763, 2657, 2664. 

Volume : 

correction tables, 1134. 

critical, 1277. 

free-gas effect, 562-3. 

pressure curve, reservoir crude, 561-3. 

saturation pressure effect, 562. 

temperature effect, 522. 

Volumetric average boiling-point, 1274 
et seq. 
control, 570. 
heat, soil, 742-3. 

Voshel, Kansas, crude, properties, 844. 
Voznesensk field, U.S.S.R.: 
crude, analysis, 906, 913. 
geology, 160. 

Vulcanism, sedimentary, 60, 107, 108, 
250, 253, 297. 


Wall Creek sands, U.S.A., 91. 
Wall samplers, 442. 
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Wallsend-Howden sprayer, 2550. 

Wankowa field, Poland, 182. 

Water; waters: 

alcohol fuels, effect, 2827-8. 
asphalt mines, 641-2. 
boiler-feed treatment, 666. 
cement-ratios, 466, 478, 480-1. 
coning, 572. 
content : 

bituminous emulsions, 2707, 2758. 
carbon black, 2855. 
fuel oil, 1431, 2535. 
gas oils, 1405. 
gasolines, 1397. 
kerosene, 2473. 
lubricating oils, 1424-5. 
contamination, 815. 
control in oil reservoirs, 568-75. 
cooling, I.C. engines, 2612. 

tanks, 831-2. 
disposal, 815. 
drive, natural, 571-2. 
encroachment, 544, 572-3. 
entry in wells, 573. 
fingering, 572. 
flooding, 535-8. 

How, in sands, 206. 

-gas, 2164-73. 

higher alcohols, 2816-23. 
methanol, 2812-16. 
synthesis, hydrocarbons, 2136. 
greases, 1455, 1463, 2589 et scq. 
lubricant, effect, 2626-8, 2638. 
measurement, tanks, 684, 712-14. 

-oil ratios, sucker rod corrosion, 495. 
-oil, surface tension, 568. 
oilfield, 297, 640, 653. 
paints, 2754. 

refrigeration, 1932 et seq. 
reservoir pressure, 571. 
sampling, 646. 

-shut-off, 573-5. 
supplies, 2372 et seq. 
transformer oils, 1443. 
treatment, 2372-3. 
white oils, 2580. 

Waters o.xidation test, lubricating oils, 
1419. 

Watsonville, U.S.A.: 
crude, analyses, 857. 
production data, 853. 

Waves, seismic, 316, 319, 382 et seq., 395. 

Wax, waxes, 48, 5 1 , 56, 992-4, 1187,1191. 
analyses, 1433 et seq. 
amorphous, 1941-2. 
antisolvents, 1948 et seq. 
applications, 2682-4. 
barrelling, 1961. 
candles, 1433, 2686-7. 
concentration, synthetic oils, 2668. 
contamination, 2681. 
content fuel oil, 1431 . 
crystallization, 1941-3, 2681 et seq. 
decolorization, 1685. 
distillation, 1942, 1954-5. 
doping, 2684-5. 
emulsions, 2683-4. 
filtration, 1436. 
lubricating oils, 1759-60. 
match industry, 1434. 
microscopic study, 1955. 

Montan, 47, 51. 
moulding, 1961. 


oil content, 1958-9, 2681-2. 
overheating, 2680-3. 
polishes, 2684. 

properties, 1433 et seq., 2680-4. 
refining, 2679-82. 

removal by centrifuging, 1945 et seq. 

by propane, 1972-5. 
scale, 1955, 1958. 
slabbing, 2679. 
slack, 1434. 

solubility in naphtha, 1947. 
squeeze test, 1954. 
special, 1189. 

sweating, 1942, 1954 et scq., 2681-2. 
testing, 1433 ct seq. 
vapour-phase cracking, 2117. 
see also Paraffin wax. 

Waxed paper, 2683. 

Waxing methods, 2683. 

Waxy oils, flow, 734-9. 
slope vi '.cosity, 738. 
specific gravity correction factor, 1135. 
Wcgldwka, Poland, crude, 925, 926. 
Weight, drilling mud, cementing con- 
siderations, 465. 

Weir flow meters, 2346. 

Welds, welding, 2299 ct seq. 
casing, 482 et seq. 
chrome .steels, 2276. 
electric, 674, 1476. 
oil fired furnaces, 2540. 
plates, 2300. 
steel vessels, 2395. 

Wells: 

flow of oil, 556-7. 
high pressure, control, 433-7. 
spacing, 199, 533. 
surveying, 445. 

Well-head fittings, high-pressure, 435. 
Wernsdorf beds, Polish Carpathians, 177. 
West Columbia pool, U.S.A., 87. 

West Indies, native asphalts and bitu- 
mens, 2710. 

West Pampa, U.S.A., crude, properties, 
846. 

West Texas, U.S.A.: 
distillates, hydrogenation, 2141. 
geology, 67, 87. 

West Virginia: 

gas-drive data, 578-80. 
geology, 69. 
grahamitc vein, 640. 
production, 72. 

Western Interior Province, U.S.A., geo- 
logy, 67, 78. 

Westinghouse fluid gas meter, 2346. 
Wcstphal balance, 1138. 

Wet gas meters, 2346. 

Wetting: 

preferential, reservoir rocks, 568. 
relation to lubrication, 1059-68. 
Weymouth formula, 804-6. 

Wheel-type bits, 446. 

Wheeler Ridge, U.S.A., production data, 
853. 

Whipstocks, 445 et seq. 

Whirlpool Sandstone, Canada, 96. 

White flame appliances, wick-fed, 2475- 
82. 

White lead test, gasolines, 1401. 

White Oil Springs, Iran, 145, 147. 

White oils : 
oxidation, 1025. 


properties, 2838-9. 
treatment, 1684. 

U.S.S.R., 158-9. 

White scale, 2679. 

White spirits: 

manufacture by distillation, 1662-9. 
refining, 1668. 
solvent, 2462 et seq., 2748. 
solvent refining, 1864. 
testing, 1400-1. 

Whittier, U.S.A., crude, analyses, 853, 
857. 

Wichita- Amarillo Province, U.S.A., 67, 
80. 

Wicks, 2475-82, 2687. 

Wiener’s birefringence, 1 104, 

Wietze field, Germany, crude, optical 
activity, 1216. 
geology, 186, 187. 
mining, 554. 

Wild-catting, see Drilling. 

Williamson Co. (Texas), accumulation in 
igneous rocks, 263. 

Wilson-Meulan potentiometer pyrometer, 
2336. 

Winkler distillates, nitrobenzene extrac- 
tion, 1906. 
residuals, 1906. 

Winkler- Koch cracking process, 2083-4. 
Wire network protection from lightning, 
2380, 2881. 

Wompco high-test iron, 2265. 
Wonokromo, Dutch East Indies, crudes, 
889, 890. 

Wood alcohol, 2812. 

tars, properties, 2584. 

Woodbine Sand, East Texas: 
geology', 85. 

isochloride map, 280, 283. 
porosity and permeability, 536. 
Wooramel Basin, W. Australia, 126. 
Working-barrel, pumps, 590-1, 595. 
Wrought-iron, casing, 482-4. 

tubing, 491 ct seq. 

Wurtzilite, 293, 2584, 2710, 2711. 

Wurtz reaction, 936, 937, 941. 

Wyant and Marsh method, determination 
of oil in wax, 1436. 

Wygoda Sandstone, Poland, 179. 
Wyoming (U.S.A,), production and 
proved reserves, 533. 
shales, 42, 44, 3081, 3091. 


X-ray spectra: 

asphalts and bitumens, 2761. 

waxes, 992. 

see also Radiography. 

Xanthc, Isle of (Greece), crude oils, 933. 
Xylenes, 979, 988. 
blending agents, 2823. 


Yale, U.S.A. , crude, properties, 843. 

geology, 242. 

Yates pool, Texas: 
crude, analyses, 846. 
geology, 88, 242. 
production, 533. 

Yenanfu, China, 139. 

Yenangyat field, Burma, 135. 
Yenangyaung field, Burma, 135. 
Yenanma field, Burma, 135. 
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Yenchang, China: 

crude, analyses, 933-4. 
geology, 139. 

Yenpo well, China, 934. 

Yield-point : 

drilling mud, 465. 
sucker rods, 497. 

Yield value, Bingham body, 735. 
Yoast field (I'exas), serpentine, 339. 
York chiller, 1956. 


INDEX OF SUBJECTS 

Yucatan, submarine oil seepages, 292. 
\umen, China: 

crude, analysis, 934. 
geology, 139. 

Yungchang, China, 139. 

Yungping well, China, 934. 
Yungpingchen, China, 139. 


Zacamixtle oilfield, Mexico, 100. 


Zagros Ranges (Iran-Iraq), 140. 
Zechstein Basin, Germany, 184. 
Zemes, Transylvania, 168. 
Zeolites, 1699, 2372-3. 

Zinc : 

chloride, catalyst, 2059-62. 

distillate refining, 1756-7. 
pipe-line coatings, 753. 
Zingiberenc, 976. 

Zuechan, China, 139. 
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